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Tuose who have been following the recent developments 
of physics would probably agree that its two most vital prob- 
ems are the structure of matter and the nature of radiation. 
It is true that much has been done toward the solution of both 
of these problems. Matter, we find, is built up of molecules, 
these of atoms, and the atoms in turn of electrons. We now 
have before us the problem of finding how an atom can be 
formed out of a few positive and negative electrons. X-ray 
studies have enabled us to count the number of electrons in the 
various atoms, and have informed us regarding their distribu- 
tion and the forces that hold them in position. Perhaps no 
single field of investigation has contributed more to our knowl- 
edge of atomic structure than has the study of X-rays. 

This is in part because of the very short wave-length of 
X-rays. The theoretical limit of the microscope, using ordi- 
nary light, is such that we cannot hope by its help to determine 
the shape of a body much smaller than a wave-length of light, 
0005 mm. If an X-ray microscope could be employed, this 
limit might be reduced by a factor of ten thousand, and we 
should then be working on a sub-atomic scale. Though such 
an instrument does not exist, interference effects are measure- 
able due to X-rays traversing groups of atoms, and from them 
we are able to interpret the structure of the matter giving rise 
to the diffraction almost as definitely as if we were employing 
an X-ray microscope. 

Similarly in the field of radiation it is the high frequency 
which gives significance to experiments with X-rays. Since 
the magnitude of the energy quantum is proportional to the 
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frequency, quantum phenomena such as the photoelectric 
effect, which can be studied only statistically when light is 
used, can with X-rays be considered as individual events. 
That is, the effects of individual X-ray quanta can be ob- 
served and measured. It is perhaps for this reason that X-ray 
investigations have supplied us with our best determinations 
of Planck’s fundamental constant 4. It is also the compara- 
tively large energy and momentum associated with the quan- 
tum of X-rays which have made possible the recent experi- 
ments on the change of wave-length of scattered X-rays and 
allied effects, pointing so definitely to a quantum structure of 
radiation itself. 

This book has grown from lectures on X-rays which I have 
given at the University of California and the University of 
Chicago during the last five years. Though I have tried to 
cover the whole field of the physics of X-rays with some com- 
pleteness, those aspects have naturally been treated in greater 
detail which are most closely allied with my own researches. 
Such emphasis is perhaps the more justified by the recent 
appearance ofa new edition of the Braggs’ notable book 
X-rays and Crystal Structure, together with treatises by 
Wyckoff, Rinne, Ewald and others covering about the same 
field, and Siegbahn’s excellent account of The Spectroscopy of 
X-rays. In the present volume only an introduction to the 
problems of crystal structure and X-ray spectroscopy has been 
given. Kaye and de Broglie in their books on X-rays have 
described in some detail the experimental aspects of the sub- 
ject. It is rather with the interpretation of the properties 
of X-rays in terms of the interaction between radiation and 
electrons that the present work deals. I have been chiefly con- 
cerned with the information X-ray studies have afforded re- 
garding the structure of the atom and the nature of the X-rays 
themselves. 

Since Barkla’s discovery of the polarization of X-rays, it 
has been generally recognized that the study of X-rays is a 
branch of optics. The first half of the present book treats the 
subject from this standpoint. It has been of great interest to 
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me to see how, while the manuscript has been in preparation, 
discoveries of the refraction and total reflection of X-rays and 
of their diffraction by slits and ruled gratings have extended 
all branches of optics to the very high frequencies of X-rays. 
In view of the failure of the classical electrodynamics to account 
for the radiation of light, it is perhaps not surprising that it 
should also fail to account completely for the origin of X-rays. 
It is however a matter of prime importance that the laws of 
interference and diffraction, which have been found flawless in 
ordinary optics, are found to fail when X-rays and y-rays 
are used. This observation, resulting from the classical treat- 
ment of X-ray scattering given in Chapter III, is the natural 
(as well as historic) introduction to the quantum treatment of 
the scattering problem given in Chapter IX. 

The X-rays thus constitute a powerful tool for solving 
physical problems. In order to give a correct impression of the 
methods and reasoning employed in solving these problems, 
it will be necessary to deal with many parts of the subject from 
a mathematical standpoint. It is by these mathematical proc- 
esses that the most important results are often first obtained, 
and it would be unfair to give the impression that they can be 
secured in any other way. At the same time I have tried to 
keep uppermost the physical concepts, since it is these which 
point out the path which the mathematics must follow. 

I wish to thank Professor P. A. Ross for his generous 
assistance in reading the proof, without which the publication 
of the book would have been considerably delayed. 


Ton os lah a 


CuIcaAGco, 
May 24, 1926. 


ze 


CONEENGES 


CHAPTER I 


Tue Discovery AND PROPERTIES OF X-RAYS 
ART. 
1. Roentgen’s Early Experiments 
2. Ionization Produced by X-rays 
3. Absorption of X-rays 
4. Secondary Rays Produced by X. -rays 
Scattered Rays . Piet 
Fluorescent Rays 
Photoelectrons Ejected by Mr -rays 
. Polarization of X-rays . 
. Diffraction and Interference cee -rays 
Diffraction by Slits . 
Absolute Wave-length Metene. tet Ruled ede 
Diffraction of X-rays by Crystals. 
7. X-ray Spectra 
The Continuous ree -ray Sean 
8. Bohr’s Theory of Spectra 
g. Refraction of X-rays 


An 


X-RAYS AND ELECTRODYNAMICS 


CHAPTER II 
Tue ELecrromacnetic THEORY or THE PRODUCTION OF X-RAYS 


10. Electromagnetic Pulses 2 
11. Field Due to an Electron in Slow, Dern Motion 
12. Field Due to Accelerated, Slowly Moving, Electron. 
Energy and Intensity of Radiation ear 
13. Intensity of X-rays on the Pulse Theory 
Relative Intensity in Different Directions 
Relative Frequency in Different Directions . 
Polarization of Primary X-rays 
Efficiency of Production of X-rays 
14. Difficulties with the Pulse Hypothesis 
Sharp Short Wave-length Limit Bemance Oscillation about Some 
Centers . : 
Doppler Effects Feclude Oxdiladen aboot Agoriie ‘Centers 


ix 


CONTENTS 


ART. 


15. 


16. 
gf. 


18. 


44. 
45. 


Characteristic Radiations Producing Line Spectra . 
Energy and Intensity of Long Wave Trains . 


Width of Spectrum Lines Due to aes, of Eicon Motion os 


Radiation 
Minimum Wave-length of a i opeceral tie 


CHAPTER III 


Tue SCATTERING OF X-RAYS 


. Thomson’s Theory of Scattering by Independent Electrons . 


Measurements of the Total Scattered X-rays 


. Determination of the Number of Electrons per Atom . 
. Hard X-rays Scattered Less than Predicted . : 
. Interference Effects with Heavy Scattering Elements . 


Relative Scattering at Different Angles 


. Approximate Validity of (1 + cos? ¢) Rule for Soft Xaye 
. Departures from Theory for Hard X-rays 

. Polarization of Scattered X-rays . 

. Wave-length of Scattered X-rays . 


Modified and Unmodified Rays 
Scattering by Groups of Electrons. 


. Theoretical Formulas of Debye and Others . 
. Experiments Showing Interference Effects 

. Empirical Electron Distributions . 

. Scattering by Any Grouping of Electrons 

. A Method of Comparing Wave-lengths 

. A Failure of the Wave Theory of Interference : 
. Attempts to Account for the Small Scattering of Hard wos 
. Constraining and Damping of Electrons’ Motions . 

. The Complex Electron . 
. The Large Electron . 


. Summary 


CHAPTER IV 


X-ray REFLECTION AND CrysTAL STRUCTURE 


. Laue’s Discovery and its Consequences . 
. The Space Lattice . 
. Cubic Lattices 


Miller Indices 


. Crystal Structure by rad Resection on Cristal Rocce 


Structure of Rock-salt and Sylvine 


. Confirmation by Measurement of X-ray Wave- esate 
. Reflection Method Using Known Wave-length . 


Structure of Diamond . 


Powdered Crystal Method of ern Crysial Analysis 
Structure of Molybdenum Crystals : 


go 
gi 
g2 


oe 


95 
My 


99 
100 


100 
102 


107 


CONTENTS 


ART. 


46. 


47. 
48. 
49: 


50. 


Method of the Laue Spots 

Gnomonic Projection 

Structure of Magnesium Oxide. : 
Crystal Structures of the Solid Elements 


CHAPTER V 


INTENSITY OF THE REFLECTION OF X-RAYS FROM CRYSTALS 


INTRODUCTION 


Reflecting Power as a Function of Electron Distribution . 


THEORY OF THE INTENSITY OF CRYSTALLINE REFLECTION 


. Perfect and Irregular Crystals 

. Diffraction by a Very Small Crystal . 

. Diffraction by an Irregular Crystal 

. Case of Transmission of Diffracted Rays 
. Case of Reflection of Diffracted Rays 

. Diffraction by Powdered Crystals 


MEASUREMENTS OF THE INTENSITY OF DIFFRACTED X-RAYS 


. Measurements on Powdered Crystals 

. Measurements on Single Crystals . 

. Effects of Extinction 

. Determination of the Exanction Cocficient. 

. Experimental Values of the Structure Factor , 

. Reflection by Perfect Crystals and the Effect of Extinction 
. Theory of Reflection from a Perfect oe 

. Comparison with Experiment . : 

. Effect of Extinction in Real Ceyeels. : 


Primary and Secondary Extinction 


. Criteria for Detecting Primary Extinction 
. Determination of Electron Distributions froma Knowledge Ss the Sue. 


ture Factor 


. Method of Trial . : 

. Use of Empirical Reflection Fonualat. 

. Method of Fourier Series 

. Electron Density at Any Height ehove the Middle ofa an an layer 
. Electron Density at Any Point in the Space Lattice eat 

. Radial Electron Distribution in Atoms 

. Electron Distributions in Sodium, Chlorine and Magna 


Discussion of the Reliability of the Method 


. Effect of Temperature on X-ray Reflection 
. X-rays Diffusely Scattered by a Crystal . 
. Effect of Magnetization on X-ray Reflection. 


x1 


PAGE 


IIo 
Ilo 
Dey 
115 


ib 


118 
121 
126 
126 


19) 
129 


132 
133 
134 
135 
137 
139 
140 
142 
143 
144 
146 


148 
148 
149 
151 
Tho) 
159 
161 
165 
168 
169 
170 
173 


Xil 


98. 


99- 


I0o. 


I0l. 
102. 
103. 
104. 


105. 


106, 
107. 


108. 


CONTENTS 


CHAPTER VI 


Tue ABSORPTION OF X-RAYS 


. Total and True Absorption . : 
. The Measurement of Absorption Coehiciont: : 
. Tables of Absorption Coefficients 

. Critical Absorption Wave-lengths . 


Table of Critical Absorption Wave-lengths . 


. Empirical Absorption Formulas 
. Owen’s Law . 
. Absorption Due to Seereres 


Electromagnetic Theory of True Nosoraon 


. Pulse Theory 
. Absorption of Long avis of Wares 
. Experimental Tests 5-8 


CHAPTER VII 


Tue REFRACTION OF X-RAYS 


. Introduction 
. Calculation of the Refractice Index 
. Significance of a Refractive Index Less than Unie 


Experimental Determinations of the Refractive Tiges 


. Deviations from Bragg’s Law 

. Use of the Crystal Wedge 

. Total Reflection of X-rays 

. Refraction by Means of a Prism . 


Table of Refractive Indices for X-rays . 


. Significance of the Values of the Refractive Tider. 


X-RAYS AND QUANTUM THEORY 
CHAPTER) VIL 


Tue PHorortectric Errecr WITH X-RAYS 


The Origin of the Quantum Theory 

Planck’s Quantum Hypothesis 3 

Einstein’s Suggestion of Radiation Quanta . 
Einstein’s Photoelectric Equation 

Beta Rays Excited by X-rays 

Methods of Experimental Investigation 

Photoelectrons and Recoil Electrons. 

Speed of the Photoelectrons . 

Determination of Energy Levels . 

Wave-lengths of X-rays ; 

Compound Photoelectric Effect . 

Spatial Distribution of the Photoetcenrons 
How are Photoelectrons Produced? . 


PAGE 
175 
177 
179 
186 
189 
189 
192 
174 
195 
195 
198 
203 


205 
206 
210 
ont 
ONT 
214 
215 
Dey 
218 
218 


221 
221 
222 
223 
224 
224 
227 
230 
230 
238 
236 
235) 


238 


ART. 
10g. 
IIo. 


Ill. 


112. 
Ty 
II4. 
ils 


116. 


ie 
118. 


11g. 
120. 
121. 


122. 


123. 


124. 
EDR. 
126. 


Torr. 
128. 
129. 
130. 


meh 
1322 


TARs 
134. 
135 
136. 


137 


138. 


139: 


140. 
141. 


CONTENTS 


Inadequacy of Electromagnetic Waves . 
Photoelectrons and Radiation Quanta 

Theory for Electrons Initially at Rest . 
Experimental Test . 

Theory for Electrons incall in “Motion 
1. Bubb’s Theory . 2 
2. Theory of Auger and Pectin 
Significance of the Experiments . 

Number of Photoelectrons . 

Passage of Photoelectrons tmough Matter 
Range eee aged Wer cok 
Ionization Deer to Beta Rays. 

Form of Beta Ray Tracks 


CHAPTER IX 
Quantum THEORY OF X-RAY SCATTERING 


A. Scattered X-rays as Directed Quanta Instead of Waves . 
The Change of Wave-length of Scattered eae 

Early Experiments ; 

Theory of Quanta Beatcered be Free Biccoas 


Measurements of the Change of Wave-length Act smpang ine: the Sere nue 


OSE Aah oc 
The Unmodified Line . 
Recoil Electrons . 
Directed Quanta vs. Spreading Gaees 
Waves vs. Conservation of Energy and Momentum 
Scattering of Quanta by Individual Electrons . 
Directed Quanta of Scattered X-rays 
B. Quanta Scattered by Bound Electrons 
Limits Imposed by Conservation of Energy 
The Mechanism of Interaction . : 
Assumption of Instantaneous Action on Eieeron 5 
Theory for Circular Orbits 
Case of Elliptic Orbits ; 
Partial Experimental Confirmation . 
C. Intensity of the Scattered X-rays . 
Limiting Formulas Suggested by Correspondence Popcate : 
Proposed Intensity Formulas 
Experimental Tests 
True Scattering and True Absorption Aecocated vice Sdottering 


CHAPTER X 
Quantum THEORY OF X-RAY Dirrraction 


The Quantum Conditions 
Bohr’s Frequency Condition . 


Xiil 


PAGE 
238 
240 
240 
246 
246 
246 
249 
Dat 
253 
254 
254 
257 
258 


260 
260 
260 
265 


268 
272 
2S 
276 
Pl 
oe, 
281 
285 
286 
287 
287 
289 
291 
298 
296 
296 
Oy) 
306 
IY) 


35 
316 


XIV CONTENTS 


ART. PAGE 
142. Diffraction by a Crystal . . Ad a Gs Ve os 
143. Diffraction by an Infinite ran Cubic Crystal hd, Cy eee ee er OLS 
144. Other Diffraction Problems . . . Sede re, eee eo 
145. What is the “Frequency” of a Quarun tp Got user eee. pee er 


CHAPTER XI 


X-RAY SPECTRA 


wih, Soin Gasca asa, WSOC Wolis WINOAF 1 5 0 6 6 « 6 9 0 0 BAe 

IMIGE Re @ Oxcehy WWeNGIEMady 6 6 5 «© o « 6 2 o » B25 
147. TheGrating. . . SS, Wal SO) cl CON Sy eecP nt ig acorn ele UMS: 
148. Typical X-ray Spectra. yt a Scand a ae ide ea PR, Gee Coreen 28 
Koy (OER MICO Mey SII, ek RO 
‘igen JdasreaberaliDleeiny 5 6 6 6 6 6 6 4 © § © © & © 6 BOB 
151. The Selection Rule . . er ee a ea En! hc See 
152. Regular and Irregular Doablets ye RISE ML? eT TS ea) Aree 4 
153. Interpretation of the X-Ray Spectra. . olan ees Coe gos 
154. Sommerfeld’s Theory of the Origin of the Dasbies eee nn CS 
155. Difficulties with Sommerfeld’s theory . . ee 
156. Electron Distributions Determined by X-ray oy Sal OAS” 2s Wie ea 


CHAPTER XII 


Quantum THEORY OF X-RAY PRopuUCTION AND ABSORPTION 


157. Relation between the Emission and Absorption of X-rays . . . . . 348 
158. L. de Broglie’s Theory of X-ray Absorption . . . . . . . . « 349 
159. Kramers’ Theory of Emission and Absorption. . . . . 2... . 351 
160-, he Intensity of the Radiation’ 42 7) oo Gee 1s aa Sy Rae 
161. The Absorption Coefficient . . SC eR er MR Sane So tka eS 
162, Emission of X-rays as Directed Guana, Gy SoM eEe MOM ECR oye te cp Y SHG) 
163. Brequeney of the Emitted Quanta ss 0. © 400 3) asa ieee oe gO 
a04,* Polarization]. (5 nn (9 Gg tel ae salen Gomes me tawe eh ana 
APPENDICES 


APPENDIX I 


RADIATION FROM AN Evecrron Movine wiru a VELocity APPROACHING 
THAT OF LIGHT 


A. The Lorentz Transformation Equations 


1. Einstein’s Derivation of the Fundamental Transformations . . . 365 
2. Displacement, Velocity and Acceleration . 


367 
3. The Electromagnetic Field . 370 
4. Variation of Mass with Velocity 374 


B. Field Due te Electron Accelerated in Direction af Motion : 378 


CONTENTS XV 


APPENDIX II 


PAGE 

Expression OF A Purse as A Fourter Invecran . . . 381 
APPENDIX III 

Atomic AND ELEcrronic ConsTANTS. . . . . .. 383 
APPENDIX IV 

SCATTERING BY A Parr or ELECTRONS . . . . . 384 
APPENDIX V 

Tue WAVE-LENGTH oF Gamma Rays, rrom RapiumC. . . 389 


APPENDIX VI 


CALCULATION OF THE CHANGE OF WAVE-LENGTH AND THE ENERGY OF RECOIL 393 


APPENDIX VII 


WaAvE-LENGTHS oF X-Ray Specrrum Lines . . . . 396 


GHA BITE RI 
Tue Discovery AND PROPERTIES OF X-RAYS 


1. Roentgen’s Early Experiments 


It was in the course of a systematic attempt to see if any 
radiation could be produced which would traverse matter 
opaque to ordinary light that Roentgen discovered the X-rays.! 
He was passing an electric discharge through a highly evac- 
uated tube, and had been studying the ultra-violet light pro- 
duced, using for its detection the fluorescence of crystals of 
platinum-barium-cyanide spread on a paper screen. Having 
covered his discharge tube completely with opaque paper, he 
found that the screen continued to fluoresce. From the fact 
that heavy objects placed between the tube and the crystal 
stopped the fluorescence, it was obvious that the effect was due 
to some type of radiation sent out by the discharge tube. This 
radiation was named by Roentgen “X-rays,” indicating their 
unknown nature. The discovery of these rays attracted great 
interest, and experimenters the world over began to study their 
characteristics. 

Besides producing fluorescence in certain salts, these rays 
were found to affect a photographic plate and to ionize gases, 
so that three methods, the visual, the photographic and the 
electrical, could be employed in their examination. It was 
shown also by Brandes and Dorn that X-rays produce an 
effect, though a small one, directly upon the retina, giving rise 
to a very faint illumination of the whole field of view. The 


1W. C. Roentgen, Sitzungsber. der Wiirzburger Physik-Medic. Gesellsch. Jahrg. 
1895, reprinted in Ann. der Phys. 64, 1 (1898). Translation by A. Stanton in Science, 
3, 227 (1896). 
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rays were not subject to refraction nor reflection like ordinary 
light, nor were they bent by a magnetic field as were cathode 
rays. They were, however, diffusely scattered by all substances, 
and were partially absorbed by matter of all kinds. This 
absorption was much stronger by elements of high than by 
elements of low atomic weight. 

The tube with which Roentgen made his original discovery 
was of the type shown in Fig. 1. The tube was well evacuated 
with a mercury pump until a potential difference of about 
40,000 volts was required to produce a discharge. The cathode 


FIG) i. 


rays, shot perpendicularly from the cathode’s surface, then 
struck the broad end of the tube, producing a vivid fluorescence 
and at the same time giving rise to the X-rays. It was soon 
found that any substance struck by the cathode rays emitted 
X-rays, but that these rays were more intense from a target of 
high atomic weight. In order to obtain a point source of rays, 
the cathode was made concave, so that the cathode rays were 
focused on a small spot at target. This modification made 
necessary the use of a target of high melting point, in order to 
avoid damage due to the heat developed at the focus of the 
cathode rays. Thus the type of tube shown in Fig. 2 was soon 
developed, which, with minor modifications, is still widely used. 
It is a characteristic of the low pressure discharge tube that the 
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potential difference between the anode and the cathode re- 
mains practically constant for large variations in the current 
through the tube. In order to change the voltage across a tube 
of this type, therefore, it is necessary to alter the pressure of the 
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gas in the tube. In many of the tubes now in use, such changes 
can be effected by various ingenious devices. A tube which 
avoids this complication has been invented by Coolidge.! 
In this tube the cathode consists of a flat spiral of tungsten 


wire which is heated by a battery current to such a tempera- 
ture that it emits thermoelectrons. The tube is evacuated 
until there is no appreciable amount of gas remaining, so that 


1W. D. Coolidge, Phys. Rev. 2, 409 (1913). See also J. EF. Lilienfeld and W. J. 
Rosenthal, Forts. auf d. Geb. d. Roentgenstrahlen, 18, 256 (1912). 
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all of the current through the tube is carried by the thermo- 
electrons. Thus the current through the tube is determined 
almost completely by the temperature of the filament, and the 
potential difference between the cathode and anode of the tube 
can be altered at will. 


2. Ionization Produced by X-rays 


The manner in which ionization is produced by X-rays 1s 
elegantly shown by C. T. R. Wilson’s remarkable photographs 
of the passage of X-rays through air. Without entering into 
the details of the methods,! it will suffice for the present to 
point out that the curved lines shown in Fig. 4 consist of series 
of water drops, which have been illuminated by an intense 
spark. Each drop has formed upon a separate ion as a nucleus. 
In this photograph, the X-rays passed from left to right through 
the middle of the picture. The part of the air exposed to the 
X-rays differs from the rest of the air only in the fact that it is 
this region in which the curved lines originate. In other words, 
the action of the X-rays is to eject from the air high speed 
particles (6-rays) which break into ions the molecules through 
which they pass. Thus the process of ionization is to a large 
extent an indirect one. Whereas in the present photograph 
the X-rays have ejected about twenty 6-rays, these particles, 
while tearing their way through the air, have produced 
thousands of ions. 

It is the ions thus formed which give to air and other gases 
their electrical conductivity when exposed to X-rays. The 
number of high speed 8-particles, and hence also the total 
number of ions produced, is found to be proportional to the 
energy of the X-rays which traverse the air. A measurement 
of this ionization by means of an electroscope or an ionization 
chamber connected with an electrometer thus affords a con- 
venient method of measuring the intensity of an X-ray beam. 


+C. T. R. Wilson, Proc. Roy. Soc. A. 87, 277 (1912). 
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3. Absorption of X-rays 


We have noticed that X-rays are much more strongly ab- 
sorbed by some substances than by others. The reduction in 
intensity of X-rays as they traverse matter can be studied by 
the use of such apparatus as that shown in Fig. 5. Here the 
X- -rays are produced in a tube S, and are measured by means of 
an ionization chamber J which is connected to some form of 
electrometer #. The ionization produced by the X-rays per- 
mits the batteries to send a current through the chamber, 
which is measured by the electrometer. If the potential of the 


Fic. 5. 


batteries is sufficiently great, practically all of the ions reach 
the electrodes before they recombine, and this ionization cur- 
rent 1s proportional to the intensity of the X-rays. Thus the 
ratio of the current with an absorbing screen at 4 to the cur- 
rent without it, measures the relative intensity of the X-ray 
beam in the two cases. 

In order to speak of the absorption quantitatively, it is con- 
venient to define what is known as the “absorption coefficient.” 
Let us suppose that the fraction d//J of the intensity J of a 
beam of X-rays absorbed as they pass through a thin layer of 
matter is proportional to the thickness dx of this layer. 

Then 


— ==> pan, 
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where u is the constant of proportionality, and the negative 
sign indicates a decrease in intensity. On integration, 


log J =— px + log J,, 


taking log J, as the constant of integration. This may be 


written, 
¥ (7) a8 
g ihe - Mx, 


Ler: (1.01) 


or 


It is clear from the latter expression that J, represents the in- 
tensity of the rays when w is zero, whereas J is the intensity 
after traversing a layer of matter of thickness x. The quantity 
wis the absorption coefficient, or linear absorption coefficient, 
and is defined by the expression 


= dl / fa, 


that is, it is the fractional decrease in intensity per unit path 
through the absorbing medium. 

If we consider a beam of X-rays 1 cm.? in cross section, an 
equivalent definition of the linear absorption coefficient is the 
fraction of the energy of this beam which is absorbed per cm.3 
of the matter traversed. For many purposes, instead of the 
absorption per unit volume, we desire to know the fraction of 
the energy absorbed when a beam of unit cross section traverses 
unit mass of the material. This fraction is um = u/p, where p 
is the density of the material, and 1s called the mass absorption 
coefficient. ‘The reason for the importance of this quantity 1s 
that it is characteristic of the absorbing substance, whereas 
the absorption per unit volume coefficient «is not. Thus the 
linear absorption coefficient of a given beam of X-rays is much 
greater in water than in steam, whereas the mass absorption 
coefficient is the same in both. For in the latter case the 
amount of matter, I gram, traversed by an X-ray beam of 
unit cross section is independent of the density. 
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For purposes of calculation, we often wish to compare the 
amount of energy absorbed by an atom of each of several 
different elements. Since u is the fraction of a beam of X-rays 
of unit cross section which is absorbed by unit volume of 
matter, the fraction of this beam absorbed by an individual 
atom is fa = w/v, where 7 is the number of atoms per cm.? 
This quantity is called the “ atomic absorption coefficient.” 

The remark has just been made that the mass absorption 
coefficient of water is the same whether in the form of liquid or of 
gas. This is an example of the experimental fact that the mass 
absorption coefficient of a substance for X-rays is independent 
of its physical state.! It is also found that the fraction of the 
energy absorbed per atom or per unit mass of an element is 
independent of its state of chemical combination. This has 
been tested, for example, in the recent experiments of Olson, 
Dershem and Storch. From theoretical considerations it is 
clear that differences due to chemical condition should be more 
prominent for the lighter elements, for in these elements there 
is a relatively larger number of valence electrons. Their most 
significant experiments are thus with carbon and oxygen. The 
results are summarized in the following table: 


TABLE, Ter 


Mass ApsorpTION CoEFFICIENTS OF X-Rays or WAVE-LENGTH, 1078 cm. 


Element Form Lin Observer 
Graphite 1,20 Hewlett * 
Carbon nema tise saree | Aliphatic compounds Tene OE ID SES TT 
_ Aromatic compounds eo ORD A6aS: 
Oxy Beira cnstetoeanetetia ree | Mania ae Pewlett, 
Organic compounds 2.94 (O}, 1D), 7%, SS, 


* C, W. Hewlett, Phys. Rev. 17, 284 (1921). 
y A. R. Olsen, Elmer Dershem and H. H. Storch, Phys. Rev. 21, 30 (1923). Cf. also E.G. 
Taylor, Phys. Rev. 20 (Dec., 1922). 


*This is not quite true. Recent experiments by H. S. Read (Phys. Rev. Apr., 
1926) have seemed to show a small variation of um with temperature, and J. A. Bearden 
(Phys. Rev. June, 1926) has called attention to minor variations of wm with the state 


of crystallization that are doubtless connected with the reflection from the crystal 
faces, : 
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The small differences which remain are probably within the 
experimental error. 

This independence of the mass and atomic absorption coeffi- 
cients from thephysical and chemical state of an element sharply 
distinguishes X-rays from ordinary light. Thus, while liquid or 
solid mercury is opaque to light, its vapor is almost perfectly 
transparent. Carbon in the form of diamond is highly trans- 
parent, while in the form of graphite it absorbs light very 
strongly; but the mass absorption of both forms for X-rays is 
the same. 

The absorption coefficient of the total radiation from an 
X-ray tube is found to depend chiefly upon two factors, the 
potential applied to the X-ray tube, and the atomic number of 
the absorbing screen. The penetration or “ hardness” of the 
X-rays increases very rapidly as the voltage rises, the absorp- 
tion coefficient in most substances vary.ng inversely as the 
potential raised to some power between 2 and 3. Using the 
same beam of X-rays, the penetration decreases rapidly as 
atomic weight, or more exactly the atomic number, of the 
absorbing material increases. There are, however, certain 
irregularities in the curve relating the atomic number and the 
absorption coefficients, which later will be considered in detail. 

In. deriving our expression 1.01 for the intensity of the 
X-ray beam after it has traversed a layer of matter, we assumed 
that the quantity » was a constant for all values of «. Experi- 
ment shows that this assumption is valid only under very 
special conditions. When the direct radiation from an X-ray 
tube is studied, the first layers of the absorption screen remove 
a large fraction of the less penetrating, or “ soft” radiations, so 
that only the more penetrating, or “ hard” portions reach the 
final layers. The effective value of uw 1s accordingly greater for 
the rays which enter an absorbing screen than for those that 
leave. When, however, a ray is used which is all of the same 
wave-length, its absorption coefficient rema‘ns unchanged as it 
traverses matter. Such a ray is said to be homogeneous. 
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4. Secondary Rays Produced by X-rays 


When X-rays traverse matter, the matter becomes a source 
of secondary X-rays.! The intensity of the secondary rays is 
usually very small compared with the intensity of the primary 
radiation falling on the matter. This is necessarily the case. 
For in the first place, only a part of the energy of the primary 
beam which is dissipated in the radiator reappears as X-rays, 
and in the second place the reradiated X-rays spread in all 
directions, so that their intensity in any one direction is small. 


Fic. 6. 


The usual method of investigating secondary X-rays may 
be explained by reference to Fig. 6. Radiation from the 
target S of an X-ray tube, or from some other source of X-rays, 
is allowed to traverse a radiator R. - This radiator is then found 
to emit radiation in all directions. These rays may be in- 
vestigated by means of an ionization chamber I which is care- 
fully screened from the primary beam. 


1 Cf. M. I. Pupin, Science, 3, 538 (1896). 
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If the radiator consists of a plate of matter so thin that the 
X-rays are not appreciably diminished in intensity on travers- 
ing it, the intensity J of the secondary beam as it enters the 
ionization chamber may be written as 


ji Sener 


where J is the intensity of the primary beam at R, V is the 
volume of the radiator, /2 is the distance from the radiator 
to the ionization chamber, and 7, is a constant of pro- 
portionality which may be called the “ radiating coefficient for 
the angle @.” Experiment shows that this coefficient is a 
function of the wave-length or hardness of the incident rays, 
their state of polarization, the composition and physical state 
of the radiator, and the angle 8. 

Scattered and Fluorescent X-Rays.—It is found that many 
materials when used as radiators give rise to two distinct types 
of secondary radiations. One of these, known as “scattered” 
rays, is very nearly identical in absorption coefficient or wave- 
length with the primary beam. The other type, known as 
the “ fluorescent’ rays, is distinctly less penetrating, or of 
greater wave-length, than the primary X-rays. Scattered 
rays seem to be primary rays which have merely had their 
direction altered by the matter through which they pass. The 
fluorescent rays, on the other hand, are characteristic of the 
radiator, and do not change in character with change in 
wave-length of the primary beam as long as this beam is of 
sufficiently short wave-length to excite the fluorescence. Re- 
fined experiments show that the scattered rays are also some- 
what less penetrating than the primary rays which produce 
them, though this change in hardness or wave-length 1s 
usually small compared with the change which occurs when 
fluorescent radiation is excited. The two types of radiation 
can however be distinguished by the fact that, whereas the 
wave-length of the fluorescent rays is characteristic of the 
radiator and independent of the wave-length of the primary 
rays, the wave-length of the scattered rays depends upon that 
of the primary beam and is nearly independent of the radiator. 
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The origin of the scattered ray becomes at once apparent if we 
think of the primary X-ray as an electromagnetic wave. When 
such a wave strikes an electron, the electron is accelerated by 
the electric field. But, according to electrodynamics, an 
accelerated electric charge must radiate. Consequently the 
electron radiates energy due to its forced oscillations under the 
action of the primary beam. Since these forced oscillations 
are of the same frequency as the incident wave, the rays pro- 
duced by these oscillations must also be of the same frequency. 
The fact that experiment shows a slightly different frequency 
between the primary and the scattered ray indicates that this 
explanation must be somewhat modified. This will be done 
(Chapter IX) when we introduce the quantum theory of 
X-ray scattering. 

The fluorescent ray originates in the ionization and sub- 
sequent recombination of the atoms of the radiator. As we 
have seen, when the X-rays traverse matter, a part of their 
energy is spent in ejecting 6-rays, or electrons, from some of 
the atoms. The remainder of the atom is in an ionized con- 
dition, and when it draws to itself another electron to regain 
its normal state, energy is liberated which reappears as the 
fluorescent X-rays. We now have evidence that the ionized 
atom returns to its normal condition usually through a series 
of steps, and that at each step radiation is emitted whose fre- 
quency is proportional to the energy emitted. At the halting 
places, between the steps, the atom is said to be in one of its 
“stationary states,’ of which more will be said when we 
consider Bohr’s theory of the atom. 

If an electron is ejected from the innermost portion of the 
atom, where the energy is a minimum and the greatest amount 
of energy is therefore required to liberate the electron, a large 
amount of energy will correspondingly be liberated when an 
electron returns to the vacated position. The frequency of the 
fluorescent radiation emitted, being proportional to the energy 
radiated, will accordingly have the highest value possible for 
this atom. 


There are two prominent types of fluorescent X-rays which 
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may be excited in most of the elements, known as the K and 
the Z characteristic radiations. The former is apparently the 
most penetrating type of fluorescent radiation which the ele- 
ment is capable of radiating, and is thus presumably excited 
when an electron is ejected from the most stable position in 
the atom. The Z radiation is much less penetrating, and occurs 
when electrons are ejected from the next most stable position. 
It is a remarkable fact that similar characteristic fluorescent 
radiations are emitted from all the elements, which differ by 
regular gradations in penetrating power or wave-length as one 
goes from one element to another. 

Spectra of these characteristic radiations, taken however 
directly from the target of the X-ray tube instead of from 
fluorescing matter, are shown below (p. 28) for several elements. 

Photoelectrons Ejected by X-rays. According to the inter- 
pretation of fluorescent radiation which we have just given, 
emission of photoelectrons from matter exposed to the X-rays 
should always accompany the emission of fluorescent rays. 
This is indeed found to be the case. We can even distinguish 
the photoelectrons which are ejected from the different por- 
tions of the atom corresponding to the emission of a K or an 
L fluorescent ray. When light falls upon the alkali metals it 
has been found that photoelectrons are ejected with a kinetic 
energy whose maximum value is 


tm? = hy — w, (1702) 


where w is the work done in pulling the electron out of the 
metal, v is the frequency of the light, and / is a constant of 
proportionality known as “ Planck’s constant.” When X-rays 
instead of light are employed, the photoelectrons are found to 
be ejected with different groups of velocities, but the energy 
of the fastest electrons in each group is again given by equation 
(1.02). The constant 4 keeps the same value,6.56 X 10-77 erg 
seconds; but w, the work done in removing the electron from 
the atom, has a different value for the different groups of 


1C, G. Barkla and C. A. Sadler, Phil. Mag. 16, 550 (1908). 
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photoelectrons. If it requires an amount of energy wx to re- 
move an electron from the lowest or K energy level, it is clear 
from equation (1.02) that such an electron cannot be ejected 
if hv < wz, ie., if the frequency of the incident X-rays is less 
than »v = w./h = ». But if the electrons are not removed 
from the K level, it is impossible for any K fluorescent radiation 
to be emitted. This result has been fully verified by experi- 
ment, which shows that fluorescent radiation of the K or L 
type is not emitted by an element unless it is traversed by 
radiation whose frequency is greater than the critical value 
w/h or w/h required to eject photoelectrons from the cor- 
responding energy levels. 

It has been noted above that after ionization has occurred 
an atom usually returns to its normal condition through a 
series of steps. One of these steps may be the transition of an 
electron from an Z toa K energy level, in which case the amount 
of energy liberated is w, — wx, which can be determined by 
measuring the difference in energy of the photoelectrons ejected 
from these two levels. It is interesting to note that the most 
prominent line in the spectrum of the fluorescent K radiation 
has the frequency »v = (w — wx)/A, where / is again Planck’s 
constant. It is thus natural to suppose that if the energy lib- 
erated during any change of the electron’s position in the atom 
is w, the frequency of the radiation emitted during the process 1s 
w/h. As we shall see, this is a fundamental postulate of Bohr’s 
theory of spectra, and as a part of that theory has received 
very strong support. 

It is a consequence of this postulate that the highest fre- 
quency fluorescent ray that can be excited is no greater than 
the frequency of the primary ray. For the greatest amount of 
energy which the primary ray can impart to an atom in ejecting 
an electron 1s Ay, and this is therefore also the greatest amount 
of energy that can be liberated as a fluorescent ray when the 
atom returns to its normal condition. It will of course usually 
happen that the frequency of the fluorescent ray is considerably 
lower than that of theprimary ray. This corresponds to Stokes’ 
law in optics. Though the law is by no means always valid in 
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the visible region, in the region of X-rays no exceptions have 
been found..- 


§. Polarization of X-rays 


According to the explanation of the scattering of X-rays 
given above, we should expect the rays scattered at an angle of 
go° with the primary beam to be polarized. For the electric 
vector of the primary wave is perpendicular to the direction of 
propagation, and the accelerations of the scattering electrons 
must therefore also be perpendicular to this plane. If we were 
to look at these scattering electrons in a direction at right 
angles with the primary beam, their motions would all be ina 
plane which we would be seeing edge-on. Imagine, as in Fig. 7, 
that the primary beam is 
propagated horizontally to- 
ward the north when it passes 
over the electron e. The ac- 
celeration of this electron will 
then be in a vertical, east— 
west plane. The electric vec- 
tor of the wave which it emits 
toward the east must also lie 
in this plane, since there is no component of the accelera- 
tion of the scattering electron in any other direction. Con- 
sequently, the scattered ray reaching an electron e’, having its 
electric vector in a vertical plane, is completely plane polarized. 

This polarization may be detected by examining the rays 
scattered by the electron e’. This is accelerated in a vertical 
direction. The amplitude of the electric vector of the wave 
emitted is, according to the usual electrodynamics, proportional 
to the sine of the angle between the acceleration and the direc- 
tion of propagation. Thus the maximum intensity of the beam 
scattered by electron ¢’ is in the horizontal plane, while in the 
vertical direction the intensity is zero. The polarization of the 
beam scattered by electron e is thus detected by comparing the 
intensity of the scattered rays from electron e’ in the horizontal 
and vertical directions. 


FIG. 7. 
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A test of this character was first made by C. G. Barkla1 in 
1906. In place of the electrons ¢ and ¢’, he used blocks of car- 
bon to produce the scattering, and he compared the ionization 
produced in two chambers placed at H and V respectively. He 
found the ionization in the chamber H much more intense than 
in chamber V, thus proving that the rays scattered by the first 
radiator were strongly polarized. The fact that the scattered 
rays are thus polarized in the predicted manner gives strong 
evidence in favor of the view that the X-rays consist of electro- 
magnetic waves or pulses. 


6. Diffraction and Interference of X-rays 


It was recognized early in the study of X-rays that most of 
the properties of these rays might be explained if they consisted 
of electromagnetic waves of wave-length much less than that of 
light. Many attempts were therefore made to secure diffraction 
of X-rays by passing them through a narrow slit. Haga and 
Wind performed a careful series of experiments? to detect any 
possible diffraction through a wedge-shaped slit a few thou- 
sandths of a millimeter broad at its widest part. Photographs 
were obtained which showed a broadening where the rays 
passed through the narrow part. The magnitude of the broad- 
ening was about that which would result? from rays of wave- 
length 1.3 X 10-8cm. Walter and Pohl repeated the experi- 
ments by yet more refined methods,‘ and came to the conclusion 
that if any diffraction effects were present, they were consider- 
ably smaller than Haga and Wind had estimated. Later, A. 
Sommerfeld® recalculated the wave-lengths from Walter and 
Pohl’s plates on the basis of photometric measurements per- 
formed by Koch.* He thus found from their photographs that 
the effective wave-length of hard X-rays is about 4 X 10-9cm., 

1C. G. Barkla, Proc. Roy. Soc. A. 77, 247 (1906). 
> Haga and Wind, Wied. Ann. 68, 884 (1899). 

3 A. Sommerfeld, Phys. Zeits. 2, $9 (1900). 

* Walter and Pohl, Ann. d. Phys. 29, 331 (1909). 


5 A. Sommerfeld, Ann. d. Phys. 38, 473 (1912). 
6 P. P. Koch, Ann. d. Phys. 38, 507 (1912). 
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and that the wave-length of soft X-rays is measurably greater. 
These values are of the correct order of magnitude as tested by 
the methods of crystal spectroscopy. On account of the diffi- 
culties of the experiments, however, these results did not carry 
as great conviction as their accuracy would seem to have 
warranted. 

Recently two experimenters, Walter! and Rabinov,? have re- 
peated experiments of this type, using respectively the K, lines 
of copper and molybdenum. Both obtained 
definite diffraction effects and were able to 
make approximate estimates of the wave- 
length, which agreed within a rather large prob- 
able experimental error with the wave-lengths 
determined by crystal spectrometry. Walter’s 
results are reproduced in Fig. 8, which shows 
a definite diffraction band beside the central 
image. 

Diffraction by Ruled Grating. Though these 
photographs obtained with narrow slits show 
definite diffraction effects, they have not enabled 
us to make any precise determination of the 
X-ray wave-lengths. Absolute wave-lengths 
of X-rays have however been measured by nate 
means of ruled reflection gratings, similar to 
those used for visible light.* Though in the early experi- 
ments it was found impossible to reflect X-rays from a 
polished surface, later work (described on page 40) showed that 
such specular reflection does occur when the X-rays graze the 
surface at a sufficiently fine angle. Within n this angle, of less 
than half a degree, it is thus possible to use a reflection grating, 


1B, Walter, Ann. der Phys. 74, 661 (1924); 75, Sept., 1924. 

21.1. Rabinov, Proc. N. A. Sci. 11, 222 (1925). 

8 The possibility of securing X-ray spectra from a ruled grating in this manner was 
first suggested by N. Carrara (N. Cimento, 1, 107, 1924). His efforts to secure such 
spectra were, however, fruitless. R.L. Doan and the author, independently of Car- 
rara, succeeded in obtaining such spectra, of which Fig. g is an example (Proc. Nat. 
Acad. Sci. 11, 598, 1925). Similar spectra, using a grating ruled on glass, have also 
been secured by J. Thibaud (Comptes Rendus, Jan. 4, 1926). 
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A spectrum thus obtained when the Kay line from a molyb- 
denum target is diffracted by a grating ruled on speculum metal 
is shown in Fig. 9. The line D is the image of the direct beam 
obtained with the grating removed. The directly reflected 
beam is at O, and the different orders of the diffracted beam 

appear at — I, 1, 2,3. Using the 
D = 0123 Pea grating formula, 


f tht 2 
ny = D (sini & sinn), 


where D is the grating space, 7 the 
angle of incidence and r the angle 
of diffraction, it is possible from 
such a photograph to calculate the 
absolute value of the wave-length. 
In this case D was .co2 cm., and X 
was calculated to be.707 X 10-8 cm. 

This very direct method of 


a a measuring X-ray wave-lengths 1s 
ae : !" not at present as precise as the less 


direct method in which crystals are 
used as gratings. But the fact that the two methods give, within 
experimental error, identical results serves as an important 
confirmation of the crystal wave-length measurements. 

Diffraction of X-rays by Crystals.—While these direct meth- 
ods of measuring X-ray wave-lengths were being developed, 
and long before they were brought to a successful conclusion, 
Laue discovered the remarkable fact that crystals act as 
suitable gratings for diffracting X-rays. From this discovery 
has grown on the one hand a surprisingly exact knowledge of 
the structure of many crystals, and on the other hand a means 
of studying X-ray spectra which is comparable in precision with 
our methods of studying optical spectra. 

Reasoning from several different standpoints, Laue esti- 
mated that the wave-length of ordinary X-rays should lie be- 
tween Io~* and 10-® cm. But knowing as he did the number of 
molecules in unit volume of a substance, he noticed that the 
average distance between the atoms or molecules of solids was 
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between 10-7 and 1078.cm. ‘Now in a crystal, in order to get 
the symmetry which is observed, we must, suppose that there is 
a unit, presumably of atomic or molecular size, which arranges 
itself in a regular repeating order. It is therefore natural to 
suppose that in a crystal there are layers of molecular units 
which are arranged successively at uniform distances not much 
greater than the wave-length of X-rays. But these conditions 
are very similar to those which occur when light traverses an 
optical grating—regularly spaced discontinuities separated by 
/distances several times the wave-length of the light. It there- 
fore occurred to Laue that a crystal might.act toward X-rays in 
much the same manner as a grating acts toward light. He 
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FIG. 10. 


accordingly asked Friedrich and Knipping to try the experi- 
ment of passing a narrow beam of X-rays through a crystal of 
zinc blende. 

The apparatus which was used in the original experiments 1s 
shown diagrammatically in Fig. 10. X-rays from the target S, 
after being collimated by two circular holes HH, passed through 
the zinc blende crystal C onto the photographic plate. In Fig. 
II is shown a photograph of the type thus obtained. Around 
the central spot, produced by the direct beam passing through 
the crystal, appear a group of symmetrically arranged spots. 
The positions of these spots changed when the orientation of 
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the crystals was altered, and was different for different crystals. 
They formed exactly the type of pattern which might have been 
expected from a three dimensional grating. 


ETGs its 


A simple interpretation of these photographs was offered by 
W. L. Bragg.! He pointed out that each of the images sur- 
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rounding the central spot could be interpreted as the reflection 
of the incident X-ray beam from some plane within the crystal 
1W. L. Bragg, Proc. Camb. Phil. Soc. 17, 43 (1912). 
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which was especially rich in atoms. Consider a two-dimensional 
pattern of points as shown in Fig. 12. It will be seen that the 
lines (corresponding to the planes in the three dimensional 
crystal) which have many points per unit length are those 
drawn at “ simple” angles. Similarly the position of the spots 
to be expected in a Laue photograph with a cubic crystal can 
be calculated on Bragg’s assumption merely from the crystal 
symmetry, the more intense spots being reflected from planes 
drawn at simple angles with 
the cubic axes. A comparison 
with the position of the spots 
thus calculated with the posi- 
tions of the spots in Friedrich 
and Knipping’s photographs 
showed that the idea was 
sound. 

The cleavage face of a 
crystal should be parallel to 
these “ simple”’ planes which 
are rich in atoms. W. H. 
Bragg therefore tried the ex- 
periment of reflecting a beam 
of X-rays from the cleavage 
surface of a crystal, and found 
on the photographic plate a 
spot at the angle of reflec- 
tion.! He then replaced the 
photographic plate with an Fi. 13. 
ionization chamber, mounted 
upon the arm of a spectrometer, and placed the crystal upon the 
prism table, so that both could be conveniently oriented at any 
desired angle with the primary beam. A diagrammatic plan of 
the apparatus as thus employed is shown in Fig. 13. 4 and B 
are slits which collimate the primary X-ray beam, C is the 
crystal, D is a slit which defines the beam entering the 1oniza- 


“ce 


1Tt is interesting to note that Roentgen tried a rather similar experiment in 1895 
using a crystal of calcite, but with negative results. 
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tion chamber J.* As the glancing angle @ at which the X-rays 
struck the crystal was. varied, the angle between the ionization 
chamber and the primary beam was kept equal to 20, in order 
to receive the secondary beam reflected from the crystal. 

A record of the intensity of ionization’ as the angle @ was 
varied is shown in Fig. 14. In this experiment X-rays from a 
tube containing a platinum target were reflected by a crystal 
of rock-salt. It will/be seen that instead of varying uniformly 
with the angle, the ionization rises to large values at certain 
sharply defined angles. ae Y 


lonization 


FiG. 14. 


' An interpretation of this curve may be obtained if we 
examine further the manner in which X-rays are diffracted by 
a crystal. Suppose that a wave comes from a source S and 
strikes a crystal, as in Fig. 15. A fraction of the wave is re- 
flected by the first layer of atoms at an angle 6, equal to the 
incident glancing angle, and another fraction is reflected from 
the second layer. It is clear from the construction of the figure 
that the difference in the length of the paths followed by these 
two raysis ABC. But 4B = BC = OB sin 8, so that the differ- 
ence in path is 2 OB sin 9. In order to secure co-operation be- 
tween these beams, the difference between their paths must 
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be an integral number of wave-lengths. It follows, writing 


Ofe=-TDathat 
nr = oD sin' §, (Gies)) 


where 7 is an integer, and represents the order of the diffraction. 

According to this equation, a change of the angle @ should 
alter the wave-length of the rays reflected from the crystal. It is 
therefore natural to suppose that the three peaks, 41, By and 
C, represent X-ray spectrum lines. If this is the case, second 
orders of these lines should appear at angles whose sines are 
twice those of lines 4;, By and Cy. Such lines actually do appear 


at 42, Bz and C2, and not only are their angles just what they 
should be according to equation (3), but their relative inten- 
sities also are in the same ratio as those of the corresponding 
lines in the first order. 

The fact that these lines are characteristic of the target 
from which the X-rays are emitted 1s shown by the fact that if 
an X-ray tube with a nickel target is substituted for the one 
with the platinum target, an entirely different type of spectrum 
is observed, two lines instead of three appearing, and at differ- 
ent angles. If, on the other hand, the crystal is changed, the 
same lines appear with about the same relative intensity, but 
the angles at which they appear is changed, indicating, accord- 
ing to equation (3), that the grating space between the layers of 
atoms is different for different crystals. It is therefore clear 
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that we are dealing here with true spectra of X-rays character- 
istic of the target, diffracted by a crystal grating. 

If the distance between the layers of atoms can be deter- 
mined, we can by this means measure the wave-length of the 
X-ray spectrum lines emitted by different metals used as tar- 
gets. We shall show in Chapter IV that there is good reason to 
believe that the atoms in a crystal of sodium chloride are 
arranged alternately at the corners of a cubic 
lattice, thus (Fig. 16). Now if the number 
of molecules per gram molecule is N = 
6.06 X 10%, the molecular weight of sodium 
chloride W = 58.5, and its density p = 2.17, 
then the number of molecules per cm.° of 


(Oe Sodium yock-salt is Np//W, and the number of atoms 
2s ie is 2Np/W. The average volume occupied 
IG. 16. 


by each atom is thus W”/2Np, and since the 
atoms are arranged cubically, the distance between the adja- 
cent atoms is 


D= (W/2Np)”, 
or when the numerical values are substituted, 
D-= 2,81 K 10-8 cm. (rockesalt): 


In the case of calcite, the grating space calculated in a similar 
manner is 
D*=" 3.029 X10 -* cma (Calcite): 


Having thus determined the grating space between the 
layers of atoms in rock-salt, we can now measure the absolute 
wave-lengths of the X-rays. Thus in Fig. 14 the B, peak occurs 
at about 11.4°. Substitution this angle in equation (3), using 
nm = 1,andD = 2.81 X 1078 for rock-salt, we find for the wave- 
length of this line, 1.12 Angstréms, where 1 A = 10-8 cm. 

We have seen that the wave-lengths of the X-ray spectrum 
lines as thus measured agree accurately with those measured by 
ruled diffraction gratings of known spacing. The values of D 
calculated for the crystals are thus confirmed. This means in 
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turn that we have assumed the correct fundamental structure 
for the rock-salt and the calcite crystals. 


7. X-ray Spectra 


, A systematic study of the X-ray spectra of the different 
_ elements was first made by Moseley! in 1913- 14. His experi- 
\ ments covered a range of from 0.4 to 8 A., using 38 different 
‘elements as targets of his X- ray tube. He ane that the spec- 
‘trum lines emitted by these elements belonged to two very 
& distinct series, which were identified with the K and L types of 
characteristic fluorescent radiation which had previously been 
observed by Barkla and Sadler. Moseley’s photographs of the 
X-ray spectra of the K or shortest wave-length series lines from 
/ the elements of atomic weight between 40 and 65 are shown in 
| Fig. 17. Since in these spectra the wave-lengths are nearly 
proportional to the angles, the wave-lengths can be taken as 
nearly proportional to the distances of the lines from the left- 
hand side of the figure. 

The most striking thing in this figure is the great regularity 
of the spectra. Each element exhibits a spectrum identical with 
that of the other elements except that the scale of wave-lengths 
is changed. It will be noticed also that as one goes from the 
lighter to the heavier elements, the wave-length of the corre- 
sponding lines decreases in a regular manner. Thus even if we 
did not know that there is an element scandium between the 
elements calcium and titanium, the large gap between the spec- 
tra of these two elements would have suggested strongly that 
such an element should exist. An examination of these spectra 
revealed the fact that the square root of the frequency of either 
of the two lines in this spectrum is nearly proportional to the 
atomic number of the radiator, or more exactly, that the fre- 
quency is given by | 
Nereloyr haw ya = KiN —k) (1.04) 


Here K is a universal constant for all elements, N is the atomic 
number, and & is another universal constant. This is usually 
1H. G. J. Moseley, Phil. Mag. 26, 1024 (1913); 27, 703 (1914). 
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spoken of as Moseley’s law. It applies not only to the K series 
lines as shown in Fig. 17, but also, with appropriate changes 
in the values of the constants K and &, to the lines of the Z 
series. While precise experiments have shown that this law is 
not exact, it is nevertheless sufficiently accurate for many pur- 
poses, and affords, as we shall see, an important clue to the 
origin of these spectrum lines. 


Fic. 17. 


The appearance of the L-series lines is beautifully shown by 
Siegbahn’s photographs in Fig. 18. The spectra of these ele- 
ments also exhibit the same regular changes that are found in 
the spectra of the K series, but the spectrum has a considerably 
greater number of lines. Two series of still greater wave-length 
are known, an M series and an N series. It has been possible to 
examines these spectroscopically only for the heavier elements. 
The spectrum of the M series of tungsten, as obtained by 
Stenstrom, is shown in Fig. 19. Tables of the wave-lengths of 
the different X-ray spectrum lines are given in the appendix. 
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The Continuous X-ray Spectrum.—tThe continuous portion 
of the X-ray spectrum also has some very interesting features. 
In Fig. 20 are shown a series of spectra obtained by Ulrey from 
a tungsten target, taken with different potential differences 


Y¥1 BoB, O% Oe 
| VJ Avi 


Fic. 18. 


across the X-ray tube. It will be seen that for a definite poten- 
tial, no radiation occurs of wave-length less than a certain 
critical value. Having passed this wave-length, the intensity 
rises sharply to a maximum, and then gradually falls to a rela- 
tively low value. 


Fic, 19. 


Accurate measurements show that the short wave-length 
limit of the spectrum is inversely proportional to the potential 
applied to the tube, or that the frequency of this limiting radia- 
tion is proportional to the potential. It is customary to state 
this fact thus: 

Ve = Wing = be) Neca. (1.05) 
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In this expression, / represents the potential across the tube 
and e the charge on the electron, so that Ve is the energy with 
which the cathode ray strikes the target; c is the velocity of 
light, and A, the constant of proportionality, is the same as 
Planck’s constant which we used in discussing the photoelectric 
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effect. From careful determinations of the minimum wave- 


length X» corresponding to definite potentials Y, Duane and 
his collaborators have found! 


h 


Vex ts 


O.5RO. Xs Oe Surermusec, 


‘Blake and Duane, Phys. Rev. 10, 624 (1917). Duane, Palmer and Chi-Sun-Yeh, 
J. Opt. Soc. Am., 5, 376 (1921). 


BOHR’S THEORY OF SPECTRA 29 


8. Bohr’s Theory of Spectra 


In order to understand the significance of the remarkable 
regularities observed in the X-ray spectra, we may profitably 
consider at this point Bohr’s theory of the structure of the atom. 
For the present we shall discuss this only in a s:mple form, 
leaving till a later chapter the detailed theory which will 
account more completely for the different lines observed. Bohr’s 
theory! postulates the type of atom proposed by Rutherford, 
which consists of a heavy, positively charged nucleus about 
which the negative electrons revolve in orbits. He proceeds, on 
the basis of three principal assumptions, to calculate the posi- 
tions and the energies of the electrons in their orbits and the 
frequency of the radiation which they may emit. 

The first of these assumptions is that an electron revolves in 
a circular orbit,” its centrifugal force being balanced by the 
electrostatic attraction of the nucleus modified by the forces 
due to the other electrons in the atom. For a single electron 
revolving about a nucleus, the mathematical statement of this 
assumption is 

Woe wee Le" 


a a aq? 


where m is the mass of the electron whose charge is e, v Is its 
~speed in its orbit of radius a, and E = Zex\s the charge on the 
nucleus, Z being the atomic number. 4 


1N. Bohr, Phil. Mag. 6, 1, 476-857 (1913). 

2 Bohr’s original assumption was an elliptical orbit. The assumption of a circular 
orbit is made here for the sake of simplicity, since it leads to the same results regarding 
frequencies and energies. 

* Rutherford’s experiments (Phil. Mag. 21, 669 1911) demonstrated the existence of 
a small and massive nucleus within the atom which repelled alpha particles according to 
an inverse square law of force. The magnitude of this force was shown to be about that 
which should exist if this nucleus possessed a charge of about half the atomic weight. 
More recent experiments by Chadwick (Phil. Mag. 40, 734 1920) on the scatter- 
ing of alpha rays showed that, measured in electronic units, this charge is at least very 
nearly equal to the atomic number. These results are supported by Barkla’s measure- 
ments of the scattering of X-rays (cf. Chapter III), which indicate that the number 
of mobile electrons in an atom is equal to about half the atomic weight. “The assump- 
tion that the charge on the atomic nucleus is, in electronic units, exactly equal to the 
atomic number is therefore strongly supported. 
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In every atom except hydrogen there exists more than 1 
electron, and the forces due to the other electrons must be 
considered. If these electrons could be considered as charges 
uniformly distributed over the surface of spheres concentric 
with the nucleus, it is clear that those electrons outside the one 
whose motion is considered would have no effect, while those 
inside this orbit would act as if their total charge were concen- 
trated at the nucleus. The force due to the outer electrons 
would thus be zero, and that due to the inner electrons would 
be pe?/a?, where p is the number of inner electrons. This cor- 
rection is of course only approximate, since the electrons are not 
uniformly distributed over a spherical surface, and since the 
electron under consideration will itself doubtless modify to some 
extent the distribution of the other electrons. If the remaining 
electrons at the same distance from the atomic nucleus were 
similarly arranged at random on a spherical surface, a simple 
electrostatic argument shows that the force which they would 
produce on the electron in question would be a repulsion. of 
magnitude 3(¢ — 1)e?/a?, where qg is the total number of 
electrons in this shell. A more accurate expression for the 
electric force on the electron would therefore be 
Ze Pe TG a eee pe 


aq? @ 2 a qe 


where F = Z — p — 3(g — 1). 


The relation between the centrifugal and the centripetal forces 
is thus more nearly 


ee (1.06) 


The second assumption made by Bohr states that of the 
infinite variety of orbits which are possible according to equa- 
tion (1.06) only those orbits will be stable for which the 
angular momentum is an integral multiple of 4/27, where / is 
Planck’s constant, having the value 6.556 X 10727 erg seconds. 
The idea is that, whereas according to the classical electro- 
dynamics an electron revolving in an orbit must radiate because 
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of its centripetal acceleration, if an atom of the type postulated 
by Rutherford is to exist, there must be some condition under 
which the revolving electron will not radiate. It is the present 
assumption which supplies that condition, assigning to the 
electron certain orbits in which radiation will not occur. The 
assumption is to large extent arbitrary, its chief justification 
lying in the fact that it leads to results in agreement with 
experiment. The mathematical statement of this assumption is 


mova = nh/2n, (1.07) 
where 7 is an integer. 


By combining equation (1.06) and (1.07), we can cal- 
culate the radi-and the energies corresponding to the different 
stationary states. On solving for the radius we obtain 


nh? 

= akan (1.08) 

The total energy of the sytem is the sum of its potential and 
kinetic energies. In calculating the potential energy, let us sup- 
pose that initially the dimensions of all the electron orbits are 
magnified by a very large factor N, so that the potential energy 
is zero, though the electrons retain their usual relative positions. 
’ As Nis gradually reduced to unity, the electron orbits shrink to 
their normal size. At each stage of this process, the force on the 
electron whose potential energy we calculate is always — Fe?/r?, 
where 7 is its distance from the nucleus, and / has the value 
given above. Thus the work done on the electron in bringing 
it to its final position is 


a 2 
U=— [pdr =~ Fafa, 


v2 


or substituting the value of a from equation 1.08, the potential 
energy is 

Anretl 2m 
De ee 


ie 
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To calculate the kinetic energy, we have merely to evaluate 
4mv? from equations (1.06) and (1.07), obtaining 
onze? 2m 
T= £mv? ae rrr ya 
nh 


The total energy is accordingly 


TAU ae IE Day (1.09) 


where, as before, 


B= Log ays 


Before proceeding with the third assumption, it will be of 
value to test the theory at this point. The energy required to 
remove an electron from its orbit is —WY where WV is given by 
equation (1.09).! If this energy is supplied by an electron 
striking the atom, in order to have acquired sufficient energy 
the electron must have fallen through a potential difference Y 
such that Ve = — W. Thus the “ ionizing potential” of the 
atom is 


po sd = ont F2/ 22h, 


In the simplest case, that of the hydrogen atom, F = Z = 1, 
and if the atom is in its normal condition 7 = 1. On substi- 
tuting the usual values, 


C= ATA Tom) Cxeatles 


m= "9.01 X 108 g,, 

= 6.556 OG iOm- ere sec. 
we find 

= O45 orca us 


= 13.5 volts (calc.). 


* From the way in which we have calculated the potential energy, it will be seen that 
this statement is only approximately true when the shielding effect of the other elec- 
trons is considered. It is strictly accurate, however, for hydrogen where F = Z. 
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The recent experiments of Olmstead and Compton, how- 
ever, have shown that in order that an electron may ionize an 
atom of hydrogen, it must have fallen through a potential 
difference 

V = 13.54 volts (expt.), 


in perfect accord with the theory. This suggests strongly that 
we are working along the right line, especially since when Bohr 
originally proposed his theory the ionization potential of hydro- 
gen was considered to differ very considerably from this value. 

Bohr’s third assumption enables us to predict the frequency 
of the radiation emitted by the atom. He supposes that if an 
electron finds itself in an outer orbit (7 > 1) 1t may drop to an 
inner orbit, and that the energy liberated in the process is 
radiated with a definite frequency such that 


hyv=W,-— W,, (1.10) 


where /V,, is the energy of the atom in its initial state and Hj 
its energy in the final state.2 From equation (1.09) the fre- 
quency of the emitted radiation should therefore be 


OAPI i (1 FF? iy 
RB TT ye Fe ne)? 
where as before the subscripts f and 2 refer to the final and 
initial states of the electron respectively. Since 1/n/ 1s usually 
small compared with 1/n7, we can without serious error put 
F?/F? = 1, and writing 
2n7e4m 
—— - 
3 


the expression for the frequency becomes 

= R-F2(1/n? — 1/n?). (Tat) 
In the case of hydrogen F, = Z = 1 exactly, and substituting 
the values of e, m and h given above, the frequencies of the 


“1P, S. Olmstead and K. T. Compton, Phys. Rev. 22, 559 (1923). 
2 We shall see later (Chapter X) that this assumption is not independent of the sec- 
ond assumption. 
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various spectrum lines can be calculated. For z, = 2and™ = 
3, 4, 5, etc. this formula gives the frequencies of the visible 
hydrogen lines and those in the ultraviolet which compose what 
is known as the Balmer series. Within experimental error the 
agreement is exact. Thus for example, if 7 = 2 and m = 3, 
the calculated wave-length is = ¢/» = 6.75 X 1075 cm., while 
the observed wave-length is 6.563 X 10-5cm. For a, = 1, the 
frequencies are much greater, and correspond exactly with those 
of the Lyman series of hydrogen. Similarly, for 7 = 3,4 and 5, 
the various values of 7: give frequencies which agree accurately 
with those of known lines in the infra red spectrum of hydrogen. 
Thus equation (1.11) predicts accurately the position of all the 
known lines of atomic hydrogen, and does not predict any lines 
which do not occur under suitable conditions. 

When we apply this formula to the case of X-ray spectra, 
we may take the experimental value of R as 3.29 X 10! sec. —1, 
as determined from optical spectra, instead of the value 3.19 X 
1015 calculated from the measured values of e, mand 4. For the 
Kaline of molybdenum, we have Z = 42, and supposing that the 
K rays come from the innermost shell of electrons, we may take 
d’=oand g = 2.1 Thus F; = 41.5. Since the Ka line is the 
longest of this series, we may take nm, = 1 and m = 2. Sub- 
stituting these quantities in equation (1-11) we find X = ¢/»y = 
0.70 X 10-8 cm., which agrees very satisfactorily with the 
value 0.71 X 10-8 cm. determined experimentally. Similarly 
for the La line from tungsten, we have N = 74, p = 2 and 
q = 8, whence F; = 68.5; 2 = 2, and m= 3. Thus \= 
1.40 X 10-8 cm., which again agrees acceptably with the 
experimental value 1.47 X 10-8 cm. 

If we write 


koa (— ne =] 
ne ne 


* The assumption that there are two electrons in the inner shell is suggested by the 
fact that helium has but two electrons, and that the chemical properties of lithium 
indicate that it has one electron, boron two electrons, etc., which are active in chemical 
reactions. This leaves two electrons in each of these atoms inert, and hence presum- 
ably in aninner shell. A number of other lines of evidence lead to the same conclusion. 
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ca 


F,=Z—-{p+ig-n}=Z-8&, 


& 


and 


equation (1.11) becomes 


yi = K(Z—b), 


which is identical with Moseley’s experimental law (1.04). 
These results thus indicate that Z, the charge on the nucleus of 
the atom, increases by 1 electronic unit as one passes from an 
element to the element next higher in atomic weight. More- 
over, since k remains constant, the number of electrons in the 
inner shells must remain constant for the elements for which 
the spectra are examined. These X-ray spectra, with the help 
of Bohr’s theory, therefore supply very valuable evidence con- 
cerning the inner structure of the atom. 


9. The Refraction of X-rays 


In his original examination of the properties of X-rays, 
Roentgen tried unsuccessfully to obtain refraction by means of 
prisms of a variety of materials such as ebonite, aluminium and 
water. Previous to the use of homogeneous rays reflected from 
crystals, perhaps the experiment conducted under conditions 
most favorable for measurable refraction was one by Barkla.! 
In this work X-rays of a wave-length which excited strongly the 
characteristic K radiation from bromine were passed through a 
crystal of potassium bromide. The accuracy of his experiment 
was such that he was able to conclude that the refractive index 
for a wave-length of 0.5A. probably differed from unity by less 
than 5 X 10-®. A test of the refraction of homogeneous X-rays 
has been made by Webster and Clark.? They found that the 
refractive index for the different K lines of rhodium, transmitted 
by a rhodium prism, differed from unity by less than about 
ee ctor*, 

Although these direct tests for the refraction of X-rays were 
unsuccessful, Stenstr6m has observed*® that for X-rays whose 

1C, G. Barkla, Phil. Mag. 31, 257 (1916). 


2D. L. Webster and H. Clark, Phys. Rev. 8, 528 (1916). 
3 W. Stenstrém, Dissertation, Lund (1919). 
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wave-lengths are greater than about 3A, reflected from crys- 
tals of sugar and gypsum, Bragg’s law, 7d = 2 D sin 8, does 
not give accurately the angles of reflection. He interprets the 
difference as due to an appreciable refraction of the X-rays as 
they enter the crystal. Precise measurements by Duane! and 
Siegbahn? have shown that the same type of discrepancies 
occur, though they are very small indeed, when ordinary X-rays 
are reflected from calcite. 

The direction of the deviations in Stenstrém’s experiments 
indicated that the index of refraction of the crystals employed 
was less than 1. If this is the case also for other substances, 
total reflection should occur when X-rays in air strike a plane 
surface at a sufficiently sharp glancing angle, just as light in a 
glass prism is totally reflected from a surface separating the 
glass from the air if the light strikes the surface at a sufficiently 
sharp angle. The condition for total reflection is that sin r = 
1/n sini > 1, where z is the angle of incidence, 7 is the angle of 
refraction, and 7 = sin z/sin r is the index of refraction. For 
in this case the angle of refraction is imaginary, and all of the 
energy must be refracted. In terms of the glancing angle @, 
which is the complement of the angle of incidence 7, this may 
be written, 1/7 cos 9 > I, i.e., cos 6 > ”, or approximately, 


§= sind <V2Vi — 2, Cier2)) 


By measuring this critical angle for total reflection, we can thus 
measure the index of refraction of the X-rays. 

The experiment has been carried out by the author? using ° 
the apparatus shown in Fig. 21. A very narrow sheet of 
X-rays fell upon the mirror M, and was reflected onto the 
crystal of a Bragg spectrometer. It was found that the beam 
could be reflected from surfaces of polished glass and silver 
through angles of several minutes of arc. By investigating the 
spectrum of the reflected beam, it was possible to show that the 
critical glancing angle is approximately proportional to the 


* Duane and Patterson, Phys. Rev. 16, p. 532 (1920). 


> M. Siegbahn, Comptes Rendus, 173, p. 1350 (1921); pp. 174, 745 (1922). 
’ A. H. Compton, Phil. Mag. 45, 1121 (1923). 
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wave-length, which means, according to equation (1.12), that 
the index of refraction differs from unity by an amount pro- 
portional to the square of the wave-length. For glass and 
silver, also, the quantity 1 — ” for a given wave-length is 
approximately proportional to the density. For the wave- 
length 1.279A crown glass of density 2.52 was found to have 
a critical angle of 6 = 11’, corresponding to an index of refrac- 
tion” = I — § X 10-6 Weshall see later (Chapter VII) that 
these total reflection experiments are in good accord with the 
usual electron theory of dispersion. 


i 


More recent experiments by Von Nardroff! and Hatley,? 
using a modification of Stenstrém’s method, and by Larson, 
Siegbahn and Waller,’ who have finally succeeded in deviating 
the X-rays by means of a prism, have confirmed these results, 
obtaining meaurements of the refractive index of surprisingly 
high accuracy. A more detailed account of this work is given 
in Chapter VII. 

2 R. Von Nardroff, Phys. Rev. 24, 143 (1924). 


3 C. C. Hatley, Phys. Rev. 24, 486 (1924). 
1 A. Larson, M. Siegbahn and T. Waller, Phys. Rev. 25, p. 245 (1925). 
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CHAPTER AL 


ELECTROMAGNETIC THEORY OF THE PropucTion oF X-Rays 


10. Electromagnetic Pulses 


The first hypothesis regarding the nature of X-rays which 
led to important results was that put forward by Stokes! and 
J. J. Thomson.2 On this view the X-rays consist of irregular 
electromagnetic pulses due to the irregular accelerations of the 
cathode particles as they traverse the atoms of the target.? 

The intensity of the radiation emitted by an accelerated 
electron may be calculated by an application of Maxwell’s con- 
ception of displacement currents. Just as an electromotive 
force is induced in a circuit toward which a magnetic pole 1s 
moving, so a magnetomotive force is induced by the motion of 
an electric charge. The use of the idea of displacement currents 
may be illustrated by calculating on this basis the magnetic 
field due to a moving electron. 


1. Field Due to an Electron in Slow, Uniform Motion 


Imagine, as in Fig. 22, an electron moving along the X-axis 
with a velocity v small compared with the velocity of light c. 
We wish to determine the magnetic field at a point P (7, 6). 
If we draw through P a sphere about the electron at O as a 
center, the number of unit lines of electric force, or the electric 
“ displacement” across the sphere is equal to the charge e. If, 


*G, Stokes, Proc. Manchester, Lit. and Phil. Soc., 1898. 

* J. J. Thomson, Phil. Mag. 45, 172 (1898); ‘Conduction of Electricity through 
Gases,” 2d Ed., 658 et seq. 

* The conception of X-rays as transverse ether waves of very short wave-length was 
suggested somewhat earlier by E. Wiechert (Sitzungsber. d. phys-okon. Ges. zu K6nigs- 
berg, 1894). 
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- however, we consider the circle PSQ, perpendicular to OX, the 
displacement through this circle is 


Area of Zone PRQ 


ae Area of whole sphere 
_ MR 
P-2 20R 
= 4¢(1 — cos 8). (22.07) 


The displacement current passing through the circle PSQ is 
ip = dD/dt, and this is supposed to produce precisely the same 
magnetic effect as if dD/dt were the rate at which electric 
charge traversed the circle. The work done in carrying unit 
magnetic pole about this circuit is thus 


f Hds = “i, (2.02) 
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where the magnetic field H is in e.m.u., and the displacement 


Current 7p 1S 1n-€.S-U., OF, 


: ra 
Hoc eae [4e(1 — cos 8)] 


CGE 
Bene 2p 
oe at 
Pbirathiss 
Aiea 
Wied 
: Ox ale 
Since do = dx sin 0/r, d0/dt = — sin 6 ot pon 6. 
Lt if 
Thus H = sina. (2.03) 
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It will be seen that this is the same magnetic field at P as one 
calculates from Ampere’s rule, 


ids 
dH = — sin 8, 
hee 
if ev is taken as equivalent to the element of current ids. 


12. Field Due to Accelerated, Slowly Moving, Electron 


Referring again to Hig. 22, let us now imagine an electron 
moving with a small uniform velocity év along the X axis, which 
is stopped at the point O in a short interval of time 6t. We wish 
to calculate the intensity of the electromagnetic pulse at P 
resulting from this change in the electron’s motion. 

At the instant ¢ = 0, the electron is at the point O, and 
since it has been in slow uniform motion, its field is the same 
in all directions. The displacement through the circle PSQ is 
now, as 1n equation (2.01), 


3e(I — cos 8). 


After the additional short time interval o¢ the electron has 
stopped close to O. But an observer at P is unaware of this 
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change in the electron’s motion until after the time r/c, required 
for an electromagnetic pulse to move from O to P. At the 
instant ¢ = r/c, therefore, the field at P is just as it would be 
if the electron had continued to move with uniform velocity 
év during this interval, reaching a point O’ at a distance 6x = 
év.r/c from O. The displacement through PSQ is now there- 
fore }e (1 — cos 6’). But at the moment ¢ = r/c + 6f, and for- 
ever after, the field at P is that due to an electron at rest at O, 
so the displacement is again }¢ (I — cos 4). 

During the short interval from ¢ = r/c tot = r/c + of the 
displacement has accordingly changed at the average rate, 


6D 
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or 
f : hye cos 6 
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where a = — i is the acceleration to which the electron 1s 


subject. It follows that 


; Wee. 
ip = 4— sin? 6. 
a") 


As in equation (2.02) we have therefore, 


: ‘in WHA 
H-2xr sin § = ir = = sin? 6, 
CH 
ae sin 0 
H= a (2.04) 
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When a magnetic field moves perpendicular to itself with a 
a : v 
velocity 2, it gives rise to an electric field of strength E = Be 


if E is expressed in electrostatic and H in electromagnetic units. 
In the present case, since the velocity of propagation of the 
pulse is v = c, the intensity of the electric field of the pulse in 
these units is identical with that of the magnetic field, 7.e., 


(Ores) 


It will be noticed t 1cand magnetic intensities 
due to the electron’s acceleration vary inversely as the dis- 
tance r at which they are observed. But the electric intensity 
due to a stationary charge and the magnetic intensity (equation 
2.03) due to a charge in uniform motion vary inversely as the 
square of the distance. Thus the radiation from the electron 
may be perceptible at distances so great that its electrostatic 
field is negligible. 

The energy in the electromagnetic field is H?/8x + E?/8x per 
unit volume, where, as above, H is the magnetic intensity 
expressed in e.m.u., and £ is the electric intensity expressed in 


e.s.u. The energy density in the pulse may thus be written, 
since E and H are equal, as 


EF? e2a? sin? 6 


4T A4mrc4 


To obtain the total energy in the pulse, we integrate this quan 


tity throughout the spherical shell of radius r and of thickness 
ér, thus: 


e gta? sin? oO  23e% a? 
w={ Qnr sind-rdd- ér. — = or. (2.06) 

4nr2c* 3 %¢% 
The fact that this energy is independent of the radius of the 
shell means that the total energy within the pulse remains 
constant as it leaves the electron with the velocity of light. 


This therefore represents energy which is actually escaping 
from the electron in the form of radiation. 
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The rate at which the energy is radiated while the electron is 
being accelerated may be calculated by finding the rate at 
which the energy in the radiated pulse traverses a fixed 
spherical surface described about the electron. In equation 
(2.06), if we write 67 = céf, it is clear that the energy E of the 
pulse traverses any fixed concentric spherical surface in the 
interval 6¢, whence the rate at which the energy is radiated is 


ie 20g" 
Bre = 38" (@ .O7) 


13. Intensity of X-rays on the Pulse Theory} 


Let us assume, in accord with Stokes’s idea, that an elec- 
tron, when it strikes the target, is subjected to a negative 
acceleration in the direction of motion, which continues until 
the electron has been brought to rest. We wish to calculate 
the intensity and energy of the radiation which it emits. We 
are now dealing with an electric charge whose velocity is com- 
parable with that of light, and the results which we have 
obtained for low velocities will be somewhat modified. If at any 
instant the electron’s velocity is Bc, it can be shown (see 
Appendix 1, equation 33) that equation (2.05) should be re- 
placed by 

ae sin 0 


eee rc? (1 — B cos 6)8 ere) 


By the intensity of the radiation we mean the energy which 
crosses unit area, taken perpendicular to the direction of 
propagation, per unit time. Since the energy per unit volume 
of the pulse is #?/47, and since this is propagated with a 
velocity c, the intensity at any instant is 


ck? ae sin? 6 


4 i 4nr2c3 (1 — B cos 0)® 


[= (2.09) 


1 As far as eq. 2.11, this discussion follows closely A. Sommerfeld, Phys. Zeits. 10 
969 (1919); Atomic Structure and Spectral Lines, p. 33 (1923). 
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The total radiated energy traversing unit area at P due to 
stopping the electron is S = { tar where the integral is taken 


over the complete pulse. If/is the time at which the radiation 
reaches P which left the electron at the instant ¢’, then 
t=t' +r/c. Thus dt = dt'+dr/c where, as a glance at 
Fig. 23 will show, dr = vdt' cos 6 = Be cos édt', and hence, 


EIG23: 


= dt'(1 — Bcosé@). But ¢=cdB/dt', whence dt’ =cd§/a, and 
dt =c/a(i—Bcos 6)dp. 
Thus 


° ge sin? 6 
= = 6 


es yh (I — cos 6)® 


irae eesine | r|3 (2210) 
16mr2c? cos @L(U1 — 7 cos @)4 : 
or for small values of 8, 
ae*B 
= sin? 6. 2-11 
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The result of this calculation may be tested both regarding 
the spatial intensity distribution which it predicts and regard- 
ing the absolute value of the predicted X-ray intensity. The 
energy as a function of the angle @ according to equation (2.10) 
is plotted in Fig. 24 for different values of 8. In order to test 
the theory under most favorable conditions, experiments 
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using X-rays from thin targets have been performed by Kaye,! 
and using targets of carbon have been done by Stark? and 
Lobe.? The reason for using carbon is that with an element of 
so low an atomic number no appreciable amount of energy goes 
into the line spectrum, which necessarily consists of trains of 
waves, instead of pulses. Moreover the absorption of the X- 
rays by the target is so small that it can be corrected for. 
Stark’s results for X-rays of two different degrees of hardness 
are shown in Fig. 25. 
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There are marked qualitative similarities between the 
theoretical curves 24 and the experimental data shown in 
Fig. 25. The intensity seems to approach a minimum at 0 and 
180 degrees, as the theory predicts, and the maximum intensity 
is found to be at an angle less than go degrees. It is true that the 
shapes of the curves are not identical, in that the experimental 
curve does not approach zero intensity at the angle zero. Such 
departures from the theory are, however, just what one would 
anticipate from the known fact that the direction of motion of 
the electrons is altered as they enter the target. This 1s well 
illustrated by the curvature of the 6-ray tracks in air as shown 
in Fig. 4. Moreover, not all of the X-rays are produced when 
the cathode particles are moving at their maximum speed. 

1G, W. C. Kaye, Proc. Camb. Phil. Soc. 15, 269 (1909). 


2 J. Stark, Phys. Zeits. 10, 902 (1909). 
3 W. W. Lobe, Ann. d. Phys. 44, 1033 (1914). 
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Closely associated with the fact that the intensity of the 
X-rays is greater at small angles with the stream of cathode 
rays, is the fact, noticed by Stark,! that the absorption co- 
efficient of the X-rays is less at small than at great angles. 
This is in accord with the fact that the pulse, considered in the 
discussion leading to equation (2.10), is thinner in the forward 
than in the backward direction. We may think of this as a 
kind of Doppler effect, due to the forward motion of the radia- 
ting electron. Translating pulse thickness into terms of wave- 
length, this means that according to Stokes’ hypothesis the 
wave-length of greatest energy should be shorter for the rays 
going forward than for those going backward. Exactly this 
type of phenomenon is shown in Wagner’s spectra? (Fig. 26) of 


Lnlensity 
4 
o Amin See ee 
Fi. 26. 


the rays emitted in different directions. These experiments 
show that the wave-length of maximum intensity is very appre- 
ciably less for the rays proceeding forward than for those going 
backward. 

Polarization of Primary X-rays.—Referring again to Fig. 
22 and the discussion leading to equation (2.05), it will be 
seen that the magnetic field of the X-ray pulse at P is tangential 
to the circle PSQ, and if the charge e is negative, the electric 
field at P is in the direction PE, perpendicular both to PH and 
OP. The pulse is thus completely plane polarized. 


Lil Ocanklocmelte 


2 E. Wagner, J. d. Rad. Elek. 16, p. 212, Dec. 1grg9. For a full discussion of this 
matter, see D. L. Webster, Bull. N. R. C., No. 7, p. 442 (1920). 
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Polarization of primary X-rays was first observed by | 
Barkla,' using the apparatus shown diagrammatically in Fig. 
27. The method consisted essentially in using for the analyzer 
a screen of paper which scattered the ray at go degrees and in 
observing the effect of rotating the X-ray tube. He found that 
the ionization chamber which received the scattered ray pro- 
ceeding at right angles to the cathode rays registered the 
greater current by Io or 20 per cent. These results have been 
extended by Haga,? Herweg,? Bassler,t and Vegard.® It is 
found that by filtering out the softer components of the 


ENG? 27, 


primary beam the polarization can be increased, though in- 
creasing the speed of the cathode rays seems to diminish the 
éffect. 

These experimental results coincide in detail with the pre- 
dictions of the pulse theory if we keep in mind the fact that 
most of the cathodic electrons have their direction of motion 


1C. G. Barkla, Nature, Mar. 17, 1904; Mar. 9, 1905; Phil. Trans. Roy. Soc. 204, 
467 (1905). 

2H. Haga, Ann. der Phys. 23, 439 (1907). 

3 J. Herweg, Ann. der Phys. 29, 398 (1909). 

4E. Bassler, Ann. der Phys. 28, 808 (1909). 

5 L. Vegard, Proc. Roy. Soc. 83, 379 (1910). 
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altered before they produce X-rays, and that the softer X-rays 
are presumably produced by electrons near the end of their 
range, and which therefore are less likely to be moving in the 
initial direction. 

The efficiency of the production of X-rays by this process can 
be calculated if we can determine the acceleration @ with which 
the electron is brought to rest. An approximate method of 
doing this is to compare the spectral energy distribution curve 
for a pulse with the experimental energy distribution observed 
for X-rays excited by cathode rays of definite energy. Let us 
suppose, as Stokes’s theory suggests, that the pulse is uni- 
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directional, the electric field being of strength & for a time 6, 
so that the pulse is of thickness / = Cot. It can then be shown, 
by expressing the pulse as a Fourier integral (see Appendix IJ), 
that it 1s equivalent to a continuous spectrum of radiation 
whose intensity between wave-length \ and \ + dd is 


Td = K-sin?x “dh. (2:12) 


A graph of this function is shown in Fig. 28. It will be seen 
that the intensity is a maximum for \ = 2/, 2/, 2/, etc. 

If we neglect the smaller peaks and consider only the por- 
tion of the curve for wave-lengths greater than /, this curve is 
rather similar to those shown in Fig. 20, representing the 
spectrum excited by a constant potential. According to the 
experimental curves, the wave-length of maximum energy 


INTENSITY OF X-RAYS ON THE PULSE THEORY 49 


density is about 4/3 times the minimum wave-length. We may 
thus say approximately that 
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The radiated energy may now be calculated from equation 
(2.06) by placing 6r = /, and noting that a = o/ét = ve/l, 
whence 
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by equation (2.13). Since the energy of the electron producing 
the x-rays is Ve, the efficiency of their production 1s 
eee 
ree 
Since 4mv? = Ve (approx.), or v? = 2Ve/m, the efficiency may 
be written as 
Vie 


Fie (2.14) 


e=2 


An experimental investigation by Beatty,' has shown that 
the efficiency of production of X-rays may be expressed by the 
formula, 


= 21k) Ki10- 4716", 


€ expt. 


where 4 is the atomic weight of the target of the X-ray tube 
and fc is the velocity of the electrons as they strike the target. 


1R. T. Beatty, Proc. Roy. Soc. A. 89, 314 (1913). 
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Writing 4mv? = 4mp2c? = Ve, whence 6? = 2Ve/me?, this 
empirical result becomes, 


ee : 

Expt, = 5 X10 ae (22) 
A comparison of this result with equation (2-14) shows that 
experiments confirm the prediction of the pulse theory that the 
efficiency of X-ray production is proportional to the potential 
V applied to the X-ray tube. We find, however, that the effi- 
ciency depends, through the atomic weight, upon the nature of 
the target, a result not anticipated from the formula. Equating 


(2.14) and (2.15) we find that if 


the calculated value of the efficiency is equal to the observed 
value. Our calculation is thus inadequate because it fails to 
take account of the increase in efficiency with the atomic num- 
ber of the radiator. It will probably be unprofitable to study 
the matter further from the present standpoint, since there 1s 
convincing evidence that the hypothesis of X-ray pulses is in- 
correct. It is, however, an interesting fact that the efficiency 
calculated on this basis varies in the proper manner with the 
potential and that its absolute value is not far from the proper 
order of magnitude. 


14. Difficulties with the Pulse Hypothesis 


In spite of these qualitative successes of the pulse theory of 
X-rays, an examination of X-ray spectra shows that any form 
of pulse hypothesis is untenable. For if such pulses are reflected 
from a crystal grating, the reflection should occur over a wide 
range of angles. Thus we have seen in Fig. 28 the spectral 
energy distribution which is equivalent to a simple rectangular 
pulse. Other forms of pulses result in different distributions, 
but it can be shown that every pulse of finite length is equiv- 
alent to a continuous distribution of energy over the complete 
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spectrum. from zero to infinite wave-lengths. This is definitely 
at variance with the experimental fact that the continuous 
spectrum of X-rays has a sharp short wave- length Linnie tain, 
order to give such a sharp limit to the spectrum, it is necessary 
that a large number of waves should follow each other at 
regular intervals, so that a small change in the angle of reflec- 
tion from the crystal grating will make the last wave of the 
train differ in phase sufficiently from the first to produce inter- 
ference. It follows that X-rays are not, as Stokes supposed, 
short, irregular, electromagnetic pulses, but must consist of 
comparatively long trains of waves. 

When we adopt this point of view, however, new difficulties 
arise in accounting for properties of the X-rays which were 
described satisfactorily by the pulse hypothesis. According to 
the electromagnetic theory, a long train of waves can only be 
radiated by an oscillator which executes a large number of 
accurately timed vibrations. There is no way in which the 
cathode electron can do this as it moves at random among the 
atoms of the target. We must therefore attribute the radiation 
forming the continuous spectrum as well as that in the X-ray 
line spectrum to electrons oscillating about atomic centers. It is 
possible to suppose that the directions of such oscillations 
should preponderate in the direction of motion of the exciting 
cathode electron, as would be necessary to account for the 
partial polarization of the X-rays. In order, however, to 
account for the shorter effective wave-length of the X-rays in 
the direction of motion of the cathode rays than in the reverse 
direction, and for the asymmetry of the intensity as illustrated 
in Fig. 25, it is necessary to suppose that the radiating electron 
is moving forward with a speed comparable with that of light. 
Only a kind of Doppler effect can account for these asym- 
metries of wave-length and intensity. But we cannot suppose 
that oscillating atoms are moving with the required velocity, 
for the energy Ve of a cathode particle, even if all imparted to 
a single atom, would give to it only a negligible fraction of the 
velocity of light. 

1Cf, D, L. Webster, Phys. Rev. 6, 56 (1915). 
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In order to escape from this dilemma, Webster! has sug- 
gested that the cathode electron carries with itself a mechanism 
which is set into oscillation as it traverses matter. Thus the 
cathode electrons would be moving radiators while they are 
passing among the atoms of the target. At one time there 
appeared to be several lines of confirmatory evidence? for the 
view that the electron might have a suitable structure for 
executing such oscillations. This auxiliary evidence has re- 
cently, however, almost completely fallen to the ground,? and 
one hesitates to postulate such a complex structure for the 
electron for which no other use is found. 

As the situation stands, therefore, the sharp limit of the 
continuous X-ray spectrum means that the X-rays come in long 
trains of waves. The asymmetry of wave-length and intensity 
of the X-rays requires us to suppose, however, that the oscil- 
lators radiating these waves are moving forward with a velocity 
approaching that of light. In the absence of any known oscil- 
lator which can move with such a velocity, we can only conclude 
that it does not seem possible on the basis of the usual electron 
theory and electrodynamics to account adequately for the pro- 
duction of X-rays. 

We shall see (Chapter XII) that it is possible to arrive at a 
solution of this problem on the basis of the idea of radiation 
quanta which is somewhat more satisfactory. 


15. Characteristic Radiations Producing Line Spectra 


From what has been said regarding the significance of the 
sharp limits to the wave-length of the continuous portion of 
the X-ray spectrum, it will be obvious that the line spectrum of 
the characteristic part of the radiation can also be produced 
only by long trains of waves. The difficulties connected with 
ascribing the continuous spectrum to long wave trains do not 

1D. L. Webster, Phys. Rev. 13, 303 (1919). 


* D. L. Webster, Bull. Nat. Res. Council No. 7, p. 453 (1920). A. H. Compton, 


Phys. Rev. 14, 20 and 247 (1919). A.L. Parson, Smithsonian Miscellaneous Collec- 
tions, 65 (1915). 
* A. H. Compton, Phys. Rev. 21, 483 (1923). 
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apply to the characteristic radiations. For experiment shows 
that this part of the radiation is unpolarized, and when correc- 
tions are made for absorption in the target, is uniformly dis- 
tributed in all directions. The wave-length of the lines is also 
the same in all directions, showing that the oscillators producing 
the radiation are not moving with appreciable velocity. There 
is thus no difficulty with the view that electrons associated with 
atoms of the target constitute the radiators emitting the charac- 
teristic line radiations. 


16. Energy and Intensity of Long Wave Trains 


Let us then imagine that an electron in the target of the 
X-ray tube is executing simple harmonic motion in such a 
manner that its displacement in some direction z 1s 2 = 4 cos 
(pt’ + 6), where 4 is the amplitude of the oscillation, p = 27», 
v being the frequency and 6 the phase of the motion when 
t/ =o. The electron’s acceleration will then be 
Daz 

0 WP 
This motion will produce an electromagnetic gz 
disturbance which will arrive at a point P(r, 4), E 
fig 9, aitet a time r/c. The phase of the 
wave at this point at a time ¢ is accordingly 


= — Ap’ cos (pi’ + 6). 


c r 
that of the wave which left the electron at the g 
instant #’ =t¢—~r/c. But the acceleration of 
the electron at that instant is 0 
= 2 { s | Fic. 29. 
saa dee mer 


By the equation (2.05), the electric intensity of the wave at 
the time ¢ is therefore 


in 0 1 
E = “Ap? cos ag ies a (2.16) 


At a distance r = ct the phase of the disturbance expressed 
by (2.16) would be constant. This means that the equation 
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represents a wave propagated from the electron with the veloc- 
ity ¢. 

The rate at which energy is radiated by the oscillating 
electron, by equation (2.07), 1s 
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To obtain the average rate of energy emission, we may inte- 
grate this expression over a complete oscillation, thus: 


t=2r/p 
= dW 21/p 
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The energy per unit volume of the wave is as before E?/47. 
When this is averaged over a complete cycle, since the average 
value of cos? x between « = o and x = 27 is 4, we obtain from 
(2.17) the average energy per unit volume of the wave as 
rede 
e- sin* 6 Ap! 
Sar? o* 
The energy passing unit area per second is ¢ times this quantity, 


being 
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17. Width of Spectrum Lines Due to Damping of Electron’s 
Motion by Radiation 


Though, as we have seen, the high degree of sharpness of 
X-ray spectrum lines indicates that they come in long trains of 
waves, the very fact that the radiating electron is losing energy 
requires that the length of the wave-train shall be finite. If we 
suppose, as has been assumed above, that it is a single electron in 
simple harmonic motion which gives rise to the radiation, we can 
calculate the rate at which its motion is damped by its own 
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radiation. The energy (kinetic plus potential) of the oscillation 
is {ro Or 4Md'p. According to equation (2.17) ~ the 
fraction of the oscillator’s energy which is lost per second is thus 
See te Cpt oe 

Wdt 304mA2p? 


On solving this differential equation, we find 
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But since VW = 3m2A?p’, it follows that 
Wis Aba (2.21) 


Thus k is the rate at which the amplitude decreases per second. 
The rate of decrease per wave-length is k/», v being the number 
of waves per second. 

According to equation (2.20), an oscillator should have its 
amplitude reduced to 1/e of its initial value in the number of 
vibrations given in the second column of table II-r. It will be 
seen that this number is inversely proportional to the wave- 
length, so that the damping of an electron radiating X-rays 1s 
much more important than that of an electron radiating light. 


TABLE II-1 
Dampinc or Waves Due to Raptation 
Wave-length Effective No. of Waves Effective Length of 
Angstréms in Train, Wave-train, cm., 
v/k° c/k 
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Unless a wave-train is of infinite length, it must appear in the 
spectroscope as a continuous band which shades from a maxi- 
mum intensity at the center gradually to zero at either side. 
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We may define the effective breadth of the band as its breadth 
where the intensity is half that in the center. It has been shown 
by a Fourier analysis! that a wave damped according to equa- 
tion (2.21) has a breadth of 
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The width due to damping is thus independent of the wave- 
length. 

Experiments show that X-ray spectrum lines do have a per- 
ceptible width, which is, at least in some cases, greater than this 
calculation would indicate.? It is of course possible that other 
factors than damping of the electron’s oscillations due to radi- 
ation contribute to the width of these lines. 


18. Minimum Wave-length of a Spectral Line 


It will be seen from Table II-1 that as the wave-length be- 
comes shorter the oscillations become more strongly damped. 
When the damping becomes so great that k > p, oscillations of 
the electron can no longer occur. Any displacement is instead 
gradually reduced to zero. An approximate calculation indi- 
cates that the maximum possible frequency of oscillation of an 
electron which is thus damped by its own radiation is given by 


which corresponds to the wave-length, 
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1G. E. M. Jauncey, Phys. Rev. 19, 64 (1922). 
? A. H. Compton, Phys. Rev. 19, 68 (1922), 
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This minimum wave-length is not much shorter than the 
wave-length .ooo38A estimated by Millikan! for the most 
penetrating cosmic rays. For radiation of the wave-length 
.00038A, we have »/k = 1, which means, as in Table I[I-1, that 
there is effectively only 1 wave in the train. 


1R. A. Millikan, Proc. Nat. Acad. 12, 48 (1926). 
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CHAP dE REEL 


THE SCATTERING OF X-RAYS 


19. Thomson’s Theory of Scattering by Independent Electrons 


One of the most important consequences of the electro- 
magnetic theory of X-radiation is the fact that by its help we 
can predict the intensity and the general characteristics of 
scattered X-rays. We noticed in the first chapter that if X-rays 
are electromagnetic waves they should set into forced oscillation 
the electrons which they traverse, and these electrons in virtue 
of their accelerations should themselves radiate energy. If we 
suppose that the electrons in the scattering material are not 
subject to any appreciable forces of constraint, and if they are 
arranged in such a random manner that no definite phase rela- 
tions exist between the rays scattered by the different electrons, 
we can calculate very simply the intensity of the scattered 
beam.! . 

If a wave whose electric intensity is E traverses an electron 
of charge e and mass m, the acceleration of the electron is Fe/m. 
According to equation (2.05) this electron will radiate a wave 
whose electric intensity at a distance 7 is 

esin@ Ee Ee? sin 6 
E,= — —— = = 
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where @ 1s the angle between the electron’s acceleration and the 
ray which we are considering. Since the intensities of both the 
primary and the secondary rays are proportional to the square 
of their electric vectors, the ratio of their intensities is 

I, E?  e®sin? 6 

7 Spa : (3261) 
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1 This calculation follows in principle, though not in detail, that performed by Jee 
Thomson, “ Conduction of Electricity through Gases,” 2d Ed., p. 325. 
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If the primary ray is unpolarized, the acceleration of the 
scattering electron will be in a random direction in a plane per- 
pendicular to the primary beam, OX, Fig. 30. Let us take two 
rectangular axes in this plane, OY and OZ, such that one of 
them OY is in the plane POX in which lies the scattered ray 
which we are studying. The electric vector of the primary ray 
may be resolved into two components, Fy, and E., such that 
E/ + E? = E?. Since the direction of E in the YOZ plane is 


P 


FIG. 30. 


random, F, is on the average equal to E., whence on the 
average, 

Epa he = oY. 
Thus 

1, = 1, = 2, 
where J, and J, represent the intensities of the Y and Z com- 
ponents of the primary beam. The intensity of the scattered 
beam at P due to the Y component of the incident ray is, by 
equation (3.01), 
e* sin? 0, 


TEs z= q, 


r2m2ct ? 


or 
4 


le 
I,, = 41 —— cos? ¢ (3702) 
py 2 r2m2ct > 3 
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where ¢ is the angle between the primary and the scattered 
rays. Similarly, that due to the Z component is 


e4 sin? 0, 


Lge p2m2c4 
€4 

eee i 

2 r2mecr. 


(3.93) 


since 0, = 7/2. Thus if the primary beam is unpolarized, the 
intensity of the beam scattered by a single electron is 


I, = [gy + Loz 
= Io z{1 + cos? ¢). (3.04) 
If a number 7 of electrons are independently effective in scat- 
tering, the intensity of the scattered beam 1s then 
Ine 
Le oe (i -cos2i@). (3.05) 


The calculation of the total energy in the scattered beam is 
effected most directly by integrating equation (3.05) over the 
surface of a sphere of radius 7, thus: 


W, =|) T,:2nr sin o:rdo 


al. ie 


me (1 + cos? ¢) sin ¢d¢ 


fe net 


If 7 represents the number of electrons in a cubic centimeter, 
since J is the energy in the primary beam per square centi- 
meter per second, the fraction of the primary energy which is 
scattered per cm. path is 


W, Srnet 
= ji = : (3.06) 


3m ct 


This quantity o is called the scattering coefficient. 
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It is worth noting that these results have been obtained 
without assuming any particular form of electromagnetic pulse. 
They are thus independent of the wave-length and of the degree 
of homogeneity of the X-rays. The only unknown quantity 
which enters into these equations is the number of electrons 
which is effective in the scattering. An experimental measure- 
ment of the scattering coefficient o will thus enable us to deter- 
mine this number. 


20. Determination of the Number of Electrons per Atom 


In the case of carbon, Hewlett has measured the intensity 
of the’ scattered X-rays over angles extending almost from 
¢ = 0 to = 180, so that he was able to perform experi- 
mentally the integration required to obtain o. He thus finds! 
for the mass scattering coefficient o/», the value 0.20. That is, 
about 20 per cent of the primary X-rays (of effective wave- 
length o.71A in Hewlett’s experiments) are scattered as the 
X-rays traverse a layer of carbon 1 cm.? cross section and of 
mass I gram. According to equation (3.06) the number of 
effective electrons per gram of carbon is 


Ue ig 2m G 
p p 8et 


Taking o/p = 0.20, and using the usual values of e, m and c 


(cf. Appendix III), this gives 
7 = 3.0 X 1078 electrons per gram. 


But the number of carbon atoms per gram 1s 


N io” on 
— = 6.06 X —— = §.05 X 10” atoms per gram, 
A 12 
where N is the number of molecules per gram molecule and 4 1s 
the atomic weight of carbon. Thus the number of electrons per 
atom. which scatter X-rays is 3.0 X 1073/5.05 X 10% = 6.0, 
which is the atomic number of carbon. 

1C. W. Hewlett, Phys. Rev. 19, 266 (1922); 20, 688 (Dec. 1922). 
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On comparing this result with the conclusions drawn from 
Bohr’s theory (p.1.37), we see that this means that all of the 
electrons exterior to the nucleus of the atom are effective in 
scattering X-rays. The reasonableness of this result lends 
strong support to the present theory of X-ray scattering. 
Historically, an experiment of this type performed by Barkla 
afforded our first accurate estimate of the number of mobile 
electrons in the atom.! 

In making this determination of the number of electrons 
effective in scattering X-rays, it is fortunate that Hewlett and 
Barkla used X-rays of moderately great wave-length. For, 
although according to the theory just given the scattering co- 
efficient should be independent of the wave-length, experiment 
shows a considerable variation with wave-length of the fraction 
of the X-rays that is scattered. 


21. Hard X-rays Scattered Less than Predicted 


A typical experiment showing this variation is that per- 
formed by Hewlett on the absorption of X-rays in carbon. 
Since the quantity o represents energy transferred from the 
primary to the scattered beam, it corresponds to a kind of 
absorption coefficient. There is, of course, energy removed 
from the primary beam by other processes, such as the produc- 
tion of photo-electrons. We may thus write for the total 
absorption coefficient, 


w=rt+o, (3.07) 


where y has the same significance as in equation (1.01), o repre- 
sents the energy dissipated in scattering, and 7 the energy lost 
by other methods. 

In the case of short wave-length X-rays traversing elements 
of low atomic number, it is found that the quantity 7 becomes 
small, so that an approximate estimate of the scattering co- 
efficient « can be made from such absorption measurements. 
Hewlett? has measured the mass absorption coefficients of 


1C. B. Barkla, Phil. Mag. 21, 648 (1911). 
2C. W. Hewlett, Phys. Rev. 17, 284 (1921). 
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carbon over a wide range of wave-lengths. His values for wave- 
lengths less than 0.5 are shown in Fig. 31, which also includes 
the absorption coefficient of hard y-rays (A = .02A) in carbon. 
Tt will be seen that in the neighborhood of 0.2A the total 
absorption curve is nearly flat, and has nearly the value .202 
calculated from equation (3.06). The fact that the total ab- 
sorption for greater wave-lengths exceeds this value may be 
explained as due to the increasing value of the absorption 7; 
but the fact that for short wave-lengths the total absorption 
falls below the theoretical value of «/p alone has no such ex- 
planation.? These experiments show that, as the wave-length 


bs 


4a for carbon —> 
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of the X-rays becomes shorter and shorter, the intensity of the 
scattered X-rays falls farther and farther below the value pre- 
dicted by the present theory. 

We shall see later (Chapter IX) that this difficulty can be 
removed by introducing a form of quantum theory. The intro- 
duction of this change will modify considerably our present 
conclusions regarding the intensity of X-rays of short wave- 
length, but will alter only slightly these equations when applied 
to wave-lengths greater than 0.5 A. 


2 This inconsistency with the classical theory of scattering was first demonstrated 
by Barkla and Miss White (Phil. Mag. 34, 270, 1917). 
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22. Interference Effects with Heavy Scattering Elements 


When X-rays of relatively great wave-length are used, the 
experiments show a departure from the theory in the opposite 
direction. Thus in Fig. 32 are shown data, obtained by Barkla 
and his collaborators,! for the intensity of the rays scattered by 


ee oe: 
Wave-length, AU— 
FIG. 32. 


3 oo 


aluminum and copper at go°,with the primary beam, when 
traversed by rays of different wave-length. Whereas, over the 
range of wave-lengths considered, the scattering by aluminum 
is very nearly constant, the scattering by copper increases, 
rapidly for wave-lengths greater than about 0.4A. 

The interpretation of this effect is probably that when the 
wave-length is long compared with the distances between the 


1C. G, Barkla and J. C. Dunlop, Phil. Mag. 31, 229 (1916). C. G. Barkla and R. 
Sale, Phil. Mag. 45, 743 (1923). 
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electrons in the atoms, the phases of the rays scattered from the 
different electrons are nearly the same, resulting in an increased 
total intensity. Indeed, if the distances between the electrons 
were negligible compared with the wave-length of the X-rays, 
all the electrons in the atom would act as a unit. If Z is the 
number of electrons in the atom, the intensity of the ray 
scattered by a single atom would then be (equation 3.04). 
(Ze)4 
I =I : 
ar?(Zm)?c4 pS) 
eee ee 
Ae ae ar (1 + cos? ¢) = (3.08) 

whereas if the electrons scatter independently the intensity 
should be (equation 3.05) 


Ze 
pe gpa (I +f Cos? ¢) = 


or?mcs 

According to the degree of concentration of the electrons 
near the center of the atom, the intensity of the scattered X- 
rays may thus vary by a factor of Z. The fact that for the light 
elements the scattering per atom is proportional to the first 
power of the atomic number, rather than to its square, thus 
indicates that in these atoms the electrons are spaced at dis- 
tances which are considerable when measured in terms of X-ray 
wave-lengths. The fact that for the heavier elements the in- 
tensity of the scattering increases more rapidly than the atomic 
number indicates that in these atoms some of the electrons are 
close together when measured on this scale.! 


23. Approximate Validity of (4 + cos* $) Rule for Soft X-rays 


An experimental test of equation (3.05), describing the rela- 
tive intensity at different angles, leads to equally interesting 
results. In order to satisfy the conditions of the theory as well 

1 According to some recent absorption measurements, the atomic scattering coefhi- 


cient for heavy elements is more nearly proportional to Z? than to Z (Cf. e.g., S. J. M. 
Allen, Phys. Rev. 24, 1, 1924). 
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as possible, we shall consider first the scattering by a liquid, in 
which the arrangement of the molecules is nearly random, and 
of low atomic number, in order that the constraining forces on 
the electrons shall be small. Such a substance is mesitylene 
(CsH3(CHs3)3), whose scattering has been investigated by Hew- 


lett! using an approximately homogeneous beam of wave- 
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length o.714. His experimental values of the intensity at 
various angles are shown in Fig. 33 as a broken line. The solid 
line shows the calculated value of the intensity, according to 
equation (3.05). We shall find that the variations from the 
theoretical curve between the angles 0° and 30° are explicable 
as due chiefly to the fact that at these small angles interference 
occurs between the rays scattered by neighboring atoms. The 


1C, W. Hewlett, Phys. Rev. 20, 688 / 
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agreement between the experiments and the theory for angles 
greater than 30° is however very satisfactory. 
24. Departures from Theory for Hard X-rays 


If the scattering of rays of shorter wave-length is considered, 
however, the theory departs widely from the experiments, 
Thus Fig. 34 exhibits the intensity of the scattered radiation 
from iron at different angles with a primary beam of hard y-rays 
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from radium C (\ = .02A). Here again the broken line repre- 
sents the intensity as calculated according to equation (3.05), 
while the experimental points were determined by the author.' 
-Both the theoretical curve and the experimental values are 
expressed in terms of the theoretical intensity at zero scattering 
angle, 
4 
easy Ne 


> 
r2m?c* 


14, H, Compton, Phil. Mag. 41, 758 (1921) and Phys. Rev. May, 483 (1923). 
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calculated on the assumption that the number of electrons per 
iron atom, effective in scattering, is equal to the atomic number, 
26. These experiments are quite irreconcilable with the theory, 
though there appears a tendency for the scattering to approach 
the calculated value at small angles. This discrepancy also 
seems removable through the introduction of the idea of radia- 
tion quanta (Chapter IX). 


25. Polarization of Scattered X-rays 


A more satisfactory agreement between experiment and the 
present theory of X-ray scattering is found in connection with 
the polarization of the scattered X-rays. We notice that equa- 
tion (3.02) represents the energy in the component of the 
scattered ray whose electric vector lies in the plane POX (Fig. 
30) including both the primary and the scattered ray. Accord- 
ing to equation (3.02), the intensity of this component is zero 
at right angles with the primary beam (¢ = 7/2), whereas the 
oppositely polarized component, equation (3.03), keeps its 
normal intensity. Thus in this direction the scattered beam 
should be completely plane polarized. 

Such polarization can be detected by scattering again the 
polarized beam, and comparing the intensity of the scattered 
beam in two different directions, as already described on page 
II-1o. Barkla, in his classic measurement of the polarization 
of X-rays,! found that at go degrees the secondary rays from 
carbon were approximately 70 per cent polarized. This result 
has been confirmed by several experimenters.” 

There are, however, two sources of error in these experi- 
ments which have the effect of making the polarization appear 
incomplete. One of these, whose presence was recognized by 
Barkla, is the fact that in order to secure sufficient intensity in 
the beam after being twice scattered, the solid angle subtended 
by the scattering blocks at the source of X-rays must be very 
appreciable. The result is that most of the scattering does not 
occur at exactly go degrees, so that neither the polarization nor 


1C. G. Barkla, Proc. Roy. Soc. 77, 247 (1906). 
? F.g., Haga, Ann. d. Phys. 23, 439 (1907). 
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the analysis of the beam can be complete. The magnitude of 
this “ geometrical error”’ as calculated in a typical case is of the 
order of § per cent. The second source of error is the multiple 
scattering at angles other than go degrees which occurs in both 
the polarizing and the analyzing radiators. Recent experiments 
by Hagenow and the author! have shown that when this mul- 
tiple scattering is eliminated by using very thin radiators, and 
when the geometrical error allowed for, the polarization of the 
scattered X-rays is complete within an experimental error of 
I or 2 percent. The X-rays employed were the complete radia- 
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tion from a tungsten tube excited at about 130,000 volts, and 
the test was made on scattering blocks of paper, carbon, alu- 
minum and sulphur. These polarization experiments are there- 
fore in complete accord with the electromagnetic theory of the 
X-ray scattering. 


26. Wave-length of Scattered X-rays 


If the incident beam of X-rays consists of a train of waves 
of definite frequency, as for example an X-ray spectrum line, 
the electrons traversed will be set into forced oscillation with 
the same frequency. Thus, in the special case of a free 
electron traversed by a wave whose electric field at O is given 
by 

E = £..cos (pt + 6), 
1 A, H. Compton and C. F. Hagenow, J. O. S. A. and R. S. I. 8, p. 487 (1924). 
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the acceleration of the electron ts 


es Ee = a COS PF 3d): 


m m 


a 


The ray scattered by this electron to a point P(r, 0) (Fig. 30) 
will have an electric field given by the equation 


Ey = Sot EH og iP! i A aE | Bee 


rc? m 


=, COS (pi ="). 


The frequency of this scattered ray is thus the same, » = p/27, 
as that of the primary ray. It can be shown that the effect of 
constraints and damping on the motion of the scattering elec- 
tron is to modify the amplitude and phase of the scattered ray, 
but not its frequency. The present theory accordingly demands 
that the two frequencies be identical. 

The remark was made in the first chapter that refined 
measurements show that the wave-length of the scattered X- 
rays is not identical with that of the primary ray. The result 
of a typical experiment is shown in Fig. 36.! 

The upper curve represents the spectrum of the Ka line of 
molybdenum taken direct from the target. The lower curve 
represents, on a much larger scale, the spectrum of the same 
line after being scattered by graphite at ¢ = 135°. A part of 
the scattered beam has the same wave-length as the primary, 
but the greater part is of a slightly greater wave-length. 

The suggestion at first occurs that the “ modified”’ ray 
represents a type of fluorescent radiation, and that only the 
“unmodified” ray is truly scattered. There are, however, 
strong arguments against this view. In the first place, the 
wave-length of the modified ray is determined by that of the 
primary ray and not by the nature of the radiator, contrary to 
the case of other fluorescent radiation. In the second place, we 
have seen that the secondary radiation at 90°, which includes 
the modified ray, is completely polarized; but no form of 


1A. H. Compton, Phys. Rev. 22, 409 (1923). 
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fluorescent radiation has ever been shown to be polarized.!. And 
finally, so large a part of the secondary energy is in the modified 
ray that if the intensity of the scattered beam is to be at all 
comparable in magnitude with that calculated from the electro- 
magnetic theory the modified as well as the unmodified ray 
must be considered as scattered X-rays. 
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We have seen that the electromagnetic theory is inconsistent 
with the existence of such scattered rays of changed wave- 
length. We shall, however, find their existence consistent with 
a quantum theory which supposes that each individual electron, 

1 An apparent exception to this statement occurs in the recent experiments of Wood 
and Ellet (Phys. Rev. 24, 243, 1924) in which the resonance radiation excited in mer- 
cury vapor by polarized radiation from a mercury arc is found to be partially polarized. 


It is doubtful, however, whether such radiation can properly be classed as fluorescent, 
since both the primary and secondary rays are of the same wave-length. 
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if it scatters at all, scatters a whole quantum of X-radiation. If 
this view is correct, no interference can have occurred in scatter- 
ing the modified ray, since each quantum of this ray has been 
scattered by a single electron. But it is consistent with this 
view to suppose that the unmodified ray is due to quanta that 
are scattered simultaneously by a group of electrons. In sup- 
port of this suggestion, it is found that the rays reflected by crys- 
tals, which since interference is present must be rays scattered 
by many electrons, have their wave-length unmodified. It ap- 
pears, therefore, that the classical electromagnetic theory can 
be applied to the problem of X-ray scattering only with great 
caution. When interference is found to occur, it appears at the 
present writing that the classical theory is applicable; but we 
do not yet know how to predict under what circumstances 
interference will occur. 


27. Theoretical Formulas of Debye and Others 


From these considerations we see that it is very important 
to investigate the interference of the X-rays scattered by groups 
of electrons. We wish to see in how far the classical theory of 
interference can account for the experiments on the scattering 
of X-rays. The simplest problem of this type, which is at the 
same time representative of the more general problem, is that 
of the scattering by 2 electrons at a distance s apart. A solu- 
tion of this problem is given in Appendix IV. If the incident 
rays are unpolarized, the average intensity of the ray scattered 
at an angle ¢ with the primary beam, is found to be 


I, = al,(1 7 = *) (325o) 
where, as in equation (3.04), 
Vee: nes K 
Sanenne (1 + cos? 6), 
and 
4S d 
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According to this result, if « is small, that is, for great wave- 
lengths, small distances between the electrons, or small angles 
of scattering, the intensity of the scattered ray approaches a 
value 4 times that for a single electron. If, however, x is large, 
sin x/x becomes small, and the intensity approaches 2 times 
that due to a single electron—in other words, the electrons 
scatter independently of each other. The manner in which 
I,/Ze varies with the value of « is shown in Fig. 37. It will be 
seen that the value of /,/I. approaches its final value of 2 by a 
series of oscillations in intensity. 
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If in the hydrogen and helium molecules there exist 2 elec- 
trons whose distance apart remains constant,! this diagram 
should represent the intensity of the scattering by these sub- 
stances for different values of x. If the position of the minimum 
near x = 37/2 and the maximum near x = $7/2 could be 
observed, we should be able to calculate the distance between 
the electrons in the molecule. Thus, using the copper K, ray, 
\ = 1.54A, if the electrons in the hydrogen molecule are 1.1 X 
10-8 cm. apart, as predicted by an old form of Bohr’s theory, 
the minimum at « = $m should occur at a scattering angle of 


1 According to present theories of atomic structure, the distance between the elec- 
trons in helium and hydrogen does mot remain constant. 
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@ = 30°, and the maximum at x = $2 should be at ¢ = §1°. 
Experiments to test this prediction regarding the scattering by 
hydrogen and helium have not been performed. 

The suggestion that the electrons in the heavy elements co- 
operate in their scattering seems to have been made first by 
Webster,! and was first stated in a satisfactory form by Dar- 
win,? Debye? and Thomson # have solved independently the 
problem of the scattering of X-rays by atoms (or groups of 
atoms) consisting of electrons arranged at fixed distances from 
each other, taking into account the phases of the rays scattered 
by the different electrons. Their result may be put in the form, 


(3-12) 


Here, as before, J. is the intensity of the ray scattered at an 
angle @ by a single electron, Z is the number of electrons in 
the group, and sm is the distance from the mth to the mth 
electron. It will be noticed that when Z = 2, this expression 
becomes identical with equation (3.10). 

The more general problem of scattering by atoms composed 
of electrons in relative motion was investigated by Schott® with 
unsatisfactory results.© Glocker and Kaupp,’ however, have 
calculated the scattering by atoms composed of two or three 
coplanar circular rings of electrons revolving at different speeds. 
Glocker ® has also calculated the scattering from Lande’s pul- 
sating tetrahedronal carbon atom, and finds a result practically 
the same as that for Bohr’s plane carbon atom. This is in 

1D. L. Webster, Phil. 25, 234 (1913). 

2 C. G. Darwin, Phil. Mag. 27, 325 (1914). 

3 P. Debye, Ann. d. Phys. 46, 809 (1915). 


4J. J. Thomson, manuscript read before the Royal Institution in 1916, and loaned 
to the writer. 

5G. A. Schott, Proc. Roy. Soc., 96, 695 (1920). 

6 Cf. A. H. Compton, Washington University Studies, 8, 98 (1921). 

7R. Glocker and M. Kaupp, Ann. d. Phys., 64, 541 (1921). 

8 R. Glocker, Zeitschr. f. Phys., 5, 54 (May 10, 1921). 
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agreement with the conclusion that the author had reached,! 
that the scattering by groups of electrons in the atom depends 
chiefly upon the distance of the electrons from the center of the 
group and only slightly upon their spatial distribution. I 
accordingly calculated the intensity of the scattering on the 
assumption that the electrons are arranged in pairs at opposite 
sides of spherical shells of radii ps, the axes of the pairs of elec- 
trons having random orientation. On this basis the intensity 
of the beam scattered by an atom is,? 


Z/2 /sin 2k sin? k, Z/2 sin k.\2 
Bs ae s vy 8 
i 1jZ+22/ ae 2 Be )+4(2 k )|, (3533) 


where Z is again the number of electrons per atom, and 


k, = Oe sin i 
r 


This formula is simpler in its application than are those of 
Debye and Glocker, and it leads to equally reliable informa- 
tion concerning the distances of the electrons from the centers 
of the atoms. If sufficiently refined measurements of the scat- 
tering can be made, however, it may be possible to distinguish 
between the spatial arrangements considered in the different 
formulas. If the present conception of an atom in which elec- 
trons move in approximately elliptical orbits is correct, none 
of these expressions is exactly applicable, and only approxi- 
mate agreement with experiment may be expected. 


28. Experiments Showing Interference Effects 


Variations in the intensity of the type predicted by these 
expressions and illustrated in Fig. 37 have been observed by 
several experimenters. Friedrich, in connection with his early 
Laue photographs, noticed that when certain liquids are 
traversed by X-rays, the diffraction photographs show rings 
surrounding the central spot,’ and similar effects have been 

14, H. Compton, Washington University Studies, 8, 99 Cananee. 1921). 


2 A. H. Compton, Washington University Studies, 8, 99 (January, 1921). 
3 W. Friedrich, Phys. Zeits., 14, 317 (1913). 
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observed by Debye and Scherrer! and others. The phenomenon 
is illustrated nicely by Hewlett’s curve of the scattering by 
mesitylene, shown in Fig. 32 and in Keesom and Smedt’s photo- 
graph (Fig. 38) of the scattering of the Ka ray of copper by 
water.” 

In these figures it will be noticed that just next to the 
primary beam, where the scattering angle ¢ is small, the in- 
tensity of the scattered ray is very low. According to expres- 
sions (3.10), (3.12) and (3.13), however, as ¢ approaches zero 
the intensity approaches a maximum. When this departure 
from the theory was noticed,* it was at once obvious‘ that in 


Fic. 38. 


liquids such a departure was to be expected because of the 
destructive interference at small angles between the rays 
scattered from neighboring molecules. For in a liquid the 
molecules are not really arranged at random, but possess a 
certain regularity because they never approach closer than a 
certain limiting distance from their neighbors. This results 
at small angles in an interference similar to that obtained 
with crystals at angles less than that given by X = 2D sin @. 
The question of the diffraction of X-rays by liquids has been 


1P. Debye and P. Scherrer, Nachr. Gottingen, 1916; E. Huckel, Phys. Zeits. 22, 
561 (1921); R. W. G. Wykoff, Am. Jour. Sci. 5, 455 (1923). 

? W. H. Keeson and J. deSmedt, Jour. de Phys. 4, 1944 (1923). 

3 C. W. Hewlett, Phys. Rev., 19, (1922). 

4 A.H. Compton, Bull. National Res. Council, No. 20, p. 14 (1922). 
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examined in outline by Ehrenfest! and more thoroughly by 
Raman and Ramanathan.? The rather complicated analysis by 
the latter authors amounts approximately to identifying the 
first maximum of the diffraction band with the peak B of 
Fig. 37, the first peak / being eliminated by interference. 

If this maximum occurs at an angle ¢,, it follows that the 
mean distance between adjacent molecules of the liquid is given, 
according to equation (3-10), by 


= 7.72, /% sin © (3-14) 


Using this expression, Keesom and Smedt have calculated from 
their photographs the following intermolecular distances for 


different liquids: 


TABLE III-o 
Substance co) 5 1.33(M /p)8 
Oxy reper com ete oe ae earn Mis 20 4.0A 4.0A 
(NED ON a a cas Sia ts 5 ites hs 2 4.0 4.1 
IBENZeN Ga ere eee ere, 18 6.05 5.9 
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These values of 2a agree so well with the distance in the last 
column calculated from the closest packing of spheres that one 
feels little doubt but that the observed diffraction bands are 
really due to molecules. 


29. Empirical Electron Distributions 


In other cases, however, in order to account for the observed 
intensity of the scattered X-rays, it seems necessary to consider 
1P. Ehrenfest, Versl. Kon. Akad. Wet. Amsterdam, 17, 1184 (1915). 


2C. V, Raman and K. R. Ramanathan, Proc. Indian Ass. Cultivation Sci. 8, p. 127 
(1923). 
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the distribution of the electrons within the atoms rather than 
the molecules. Thus the writer has found! arrangements of 
electrons which will give the amount of excess scattering ob- 
served by Barkla and Ayers? when X-rays traverse carbon, by 
Owen® for filter paper, and by Barkla and Dunlop? for alu- 
minum, copper, silver, tin and lead. As an example of this 
work, we may consider the data of Barkla and Dunlop. 
Their experimental points, shown in Fig. 39,\ represent the 


relative scattering of X-rays at go° per gram of various 
metals as compared with that by aluminium. Supplementary 
experiments indicated that the scattering by aluminium did not 
change much with the wave-length, so that in the calculation it 
was supposed that for this element the electrons scatter inde- 
1A. H. Compton, Washington U. Studies, 8, 109 (1921) 
2 C. G. Barkla and T. Ayers, Phil. Mag. 21, 275 (1911). 


3 E, A. Owen, Proc. Camb. Phil. Soc. 16, 165 (i911). 
4C. G. Barkla and J. G, Dunlop, Phil. Mag. 31, 229 (1916). 
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pendently of each other. The curves are calculated from equa- 
tion (3.13), on the basis of certain arbitrary arrangements of 
the electrons, and assuming, to take account of the heteroge- 
neity of the X-rays employed, that the frequencies are dis- 
tributed over a band an octave broad. 

The numbers of electrons at different distances from their 
atomic centers, as employed in these calculations, are as 
follow: 


DistripuTION oF ELectrons 1n Aroms, CALcuLareD FRoM Excess SCATTERING 
(Distances in units of 1078 cm.) 


| 
Oxygen | Carbon |Aluminium| Copper | Silver and Tin Lead 


Hydrogen 

No. No.| Dist.| No.| Dist. No.| Dist. | No.} Dist.) No. | Dist. | No.| Dist. 
I RSLS WD Ih oe isiall a2 eae nOse 2 ROR Oman OD 2 
6 .42 |] 4 oye | |e SAS |) Evol Aver |) I) 07/3} || US || tony 
5) 8 |.24 8 stg || iS || xoxse) 
8 }.42 16 OAM LON mG 
i |ItGRCeys 8 sis |) aie |} oxee 

wipe | 3G TO 

6 | 6 


While the exact distributions thus assigned are of little signifi- 
cance, because of the comparatively low precision of the scatter- 
ing measurements on which they are based, yet as to order of 
magnitude the results can hardly be wrong. In any case, these 
calculations represent one of the most direct experimental deter- 
minations of these distances which have so far been made. 


30. Scattering by Any Grouping of Electrons 


It is possible to solve formally the problem of the scattering 
by electrons arranged in any grouping whatever.! Although 
this solution will not be in a form which we can use to predict 
the intensity of the radiation scattered by the group, we shall 
nevertheless be able to arrive at some interesting deductions 
from the solution. We start with Debye’s expression (3.12) 

1Cf, A. H. Compton, Phil. Mag. 41, 770, 1921. 
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for the scattering by a group of Z electrons. This expression is 
not perfectly general, since it supposes that the distances Smn 
between the different electrons remain fixed. In an atom con- 
sisting of electrons revolving in different orbits about the 
nucleus, this condition obviously is not satisfied. In order to 
take account of these motions, we may suppose that the proba- 
bility that the distance smn will lie between Sma and Smn —- dSmn 
iS Pmn ds. The average value of the intensity for all possible 
distances Sma is then, 
. [sin ¢/2 
Z2 «2 SIN J arin 
Te = 1,2 Ef ain @/i es Gers) 
Se 

This expression is perfectly general, as long as the forces of 
constraint upon the electrons are negligible. 

The interesting point regarding this expression is that @ 
sin ¢/2 

nN 


and enter only in the form . We may accordingly write 


lie F (sin £/.) Gri6) 


31. A Method of Comparing Wave-lengths 


Two applications of this result may be made. In the first 
place it will be seen that it affords us a means of comparing 
different wave-lengths. For if the value (/,/J/.): is determined 
for some particular angle and wave-length ¢; and i, and if for 
some unknown wave-length d the angle of scattering ¢ is deter- 
mined for which (J,/J-) = (Z,/.)1, then according to equation 


(3-16), 
(sin a F (sin =/™): 
sin = /x =(sil 2 /n, 


‘If F(x) is a multiple valued function, it is of course possible that F(x) might equal 
F(x’) when x is not equal to x’. In the physical problem, however, uncertainties from 
this source can be avoided. 


whence ! 


A METHOD OF COMPARING WAVE-LENGTHS 81 


sin ¢/2 
- ee (3.17) 
Thus by measuring angles ¢ and ¢: and the wave-length \i, the 
unknown wave-length may be determined. 

This result has been applied in the determination of the 
effective wave-length of the hard y-rays from radium C.1 A 
measurement of the scattering of these rays by lead and copper 
showed that at ¢ = Io degrees the ratio of the intensity from 
lead to that from copper was about 11 per cent greater than it 
was at large angles. Barkla and Dunlop, in the experiments 
shown in Fig. 39, measured the ratio of these intensities for 
certain known wave-lengths scattered at go degrees. At 0.3A 
their value of the ratio Ljeaa/Lcopper per electron 1s about 1.75, and 
it is clear that we should have to go to a yet shorter wave- 
length to obtain the rate 1.11 observed in the y-ray experiments. 
We can thus say, from equation (3-26), that 


sin (4 10°) 
sin ($ 90°) es 


~ 0272; 


r 


y-Tays 


From an extrapolation of Barkla and Dunlop’s data, the effect- 
ive wave-length of the hard y-rays from radium C was esti- 
mated by this method as about .025A.? 

At the time that this result was published, the only other 
method of measuring the wave-length of these y-rays, that of 
crystal reflection,? had given a value of \ = 0.07A for the short- 
est wave-lengths emitted by radium C; but absorption meas- 
urements showed that these rays could not be identical with the 
penetrating y-rays used in the scattering experiments. By a 

1A. H. Compton, Phil. Mag. 41, 770 (1921). 
2 In the author’s original paper (loc. cit.) the value from 0.025 to 0.030 was given as 
the effective wave-length from these experiments. More mature consideration of the 


experiments led the writer to choose the lower limit thus assigned, 0.025 A, as the more 
probable value of the effective wave-length (Bulletin National Research Council No. 


20. p. 31, (1922). 
3 E. Rutherford and E. N. C. Andrade, Phil. Mag. 28, 263 (1914). 
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variety of different methods, the effective wave-length of these 
rays is now estimated as about .o17A (Appendix II). This 
method of estimating the wave-length from the amount of 
excess scattering is thus seen to lead to results as accurate as 
could be expected from the data used. 


32. A Failure of the Wave Theory of Interference 


The second application of the result expressed by equation 
(3.16) is a test of the electromagnetic wave theory of inter- 
ference. Let us choose two wave-lengths \ and \’ and two 
angles ¢ and ¢’ such that 


Za TL aoe Oy 
Sas = sin e /n. 
Then by equation (3.25), 
Ip ye IO . (3.18) 


10 


a) 2 4 6 s 10x 10 %m —> 
A/singy 
Fic. 40. 


A test of this expression,! for the wave-lengths 0.46A and 
o0.12A scattered at different angles by paraffin, is shown in Fig. 
40. In this figure, the ratio J,/Z. is plotted against d/sin 34, 

1 A. H. Compton, Bull. Nat. Res. Council, No, 20, p. 10 (1922). 
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and should by (3.18) be the same for all wave-lengths, that 
is, the lines J and JJ should be coincident. For J, only that 
part of the secondary X-rays which is of the same wave-length 
as the primary is used, since this is the only part which, accord- 
ing to the classical theory, can be truly scattered. The wide 
difference between curves J and JJ shows the failure of equation 
(3.18). Unless we postulate the existence of strong damping 
or constraining forces effective at high frequencies which are 
negligible for ordinary X-rays, such a result is inconsistent with 
the classical electron theory.} 

Of course this failure of equation (3.18) throws doubt on 
the validity of equation (3.17) and its use for determining 
wave-lengths. In view of the fact, however, that equation 


(3.17) is applied to cases where sin o/h is comparatively 


small, it is possible that this difficulty may not be as serious as 
would at first sight appear. 


33. Attempts to Account for the Small Scattering of Hard X-rays 


Several attempts, on the basis of the classical electrody- 
namics, have been made to account for the fact that for X-rays 
of very short wave-length the intensity of the scattered X-rays 
is considerably less than is predicted by equations (3.05) and 
(3.06). We see from Fig. 37 that though at certain angles the 
intensity of the ray scattered by a pair of electrons may be less 
than the sum of the rays scattered by two independent elec- 
trons, on the average the effect of interference is to increase the 
intensity of the scattered rays. Similarly the more general 
equation (3.13) leads to a scattering coefficient greater than 
that given by equation (3.06), and hence greater than the 
experimental values for hard X-rays. It is therefore impos- 
sible to account for this reduced scattering from considerations 
of interference. 


1 This is perhaps the most definite departure from the laws of diffraction which has 
so far appeared. 
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34. Constraining and Damping of Electrons’ Motions 


Perhaps the most valiant attempt to reconcile these experi- 
ments with the classical electron theory has been made by 
Schott.!. He has investigated the effect on the scattering of 
X-rays of various types of constraining and damping forces on 
the electrons. If one supposes that the constraining force 1s 
proportional to the displacement, and that the damping force 
is proportional to the velocity, the equation of motion of the 
forced oscillation of the electron due to the primary wave 1s: 


mon +n “+ @mx = Ae cos pt, (3.19) 
where 4 cos pt = FE, is the electric field due to the incident 
wave. The solution of this equation after the system has 
reached a steady state of oscillation, 1s 


x =— A, cos (ptt 4), (3720) 
where 
te Ae a F 2 Bae 
A ings i(: Bi) py? 
and 


The acceleration of the electron is thus 


a=—> = p*Ai cos (pt + 4) 
Ae cos (pt + 38) {( | 2) ¥ 
= j —_ a + See 
m / | p Al 


But if the electron were free its acceleration would have been 


Ae 
a; = ~~ cos (pt. + 4). 


1G. A. Schott, Proc. Roy. Soc. A. 96, 395 (1920). 
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In view of the fact that the electric vector of the scattered wave 
is proportional to the acceleration of the scattering electron, 
and since the intensity of the ray is proportional to the square 
of the amplitude of the electric vector, we can say at once that 
the ratio of the intensity of the ray scattered by the electron 
under consideration to that scattered by a free electron is 


ta ee Pr? ¥2 
ieee ae /\( oa at (3421) 


An examination of this equation shows that if the frequency 
of the X-ray is greater than the natural frequency of the elec- 
tron (p > q) the intensity of the scattered ray will always be 
greater for a bound electron than for a free electron. The in- 
tensity of the scattered ray becomes smaller than that for a free 
electron only if 2 p? < g?, that is for frequencies considerably 
smaller than the natural frequency of the electron. Thus the 
effect on the scattered X-rays of constraining forces on the 
scattering electrons should be greatest at comparatively low fre- 
quencies, and should become negligible at very high frequencies. 
Experiment, on the other hand, shows that at moderate fre- 
quencies the scattering by light elements is about that antici- 
pated from free electrons, while the great departure is at the 
highest frequencies. Constraining forces on the electrons are 
thus inadequate to account for the reduced scattering at high 
frequencies. 

An increase in the damping constant r would, as is evident 
from equation (3.21), reduce the intensity of the scattered ray. 
But in order that this effect should not approach zero at high 
frequencies 7 must increase rapidly as p increases. 

Let us suppose that this damping is due to the energy 
radiated by the scattering electron. We have noticed that the 
mean rate of energy loss from an oscillating electron due to its 
own radiation is (equation 2.17) 


ATE i e 


ah 36 42D 
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where /; is the amplitude of the electron’s displacement. But 
from equations (3.19) the rate of energy loss at any instant 
due to damping 1s 

W, _ pyftt ds _ (2 

Ppa er ioe Taam @ 2 
which, according to (3.20) is 


Tr 


= 1m pA? sin? (pt + 6). 


dt 
When averaged over a complete cycle, this becomes 
dW, 
Fes a rmpe A, (022) 


If then we suppose that the damping is due to the radiation, 
we have at once that 


4 
grmp Ay? = 5 ath 
or 
2 e2 2 
Gea (3.23) 
Thus 
2 4 poe 
P = 9g me (3.24) 


For the highest frequencies at which scattering experiments 
have been made, te., for y-rays of wave-length 0.02A, the 
value of this ratio is 0.000035. It follows from equation (3.21) 
that the effect of this damping on the intensity of the scattered 
X-rays is wholly negligible. 

We have seen that for hard X-rays traversing light elements 
the absorption coefficient falls below the value calculated from 
the classical theory for the absorption due to scattering alone. 
When we examine the absorption of X-rays on the classical 
theory we shall see (equation (6.24)) that the absorption co- 
efficient is proportional to the damping constant r, the factor of 
proportionality being such that if we use the value of r given by 
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(3.23) the absorption coefficient is just equal to the scattering 
coeficient. Thus the observation that the absorption co- 
efficient is less than the theoretical scattering coefficient would 
mean that the damping constant must be even less than the 
value given by (3.23), so that the effect of the damping in 
equation (3.21) will be wholly negligible. Thus we are forced 
to the conclusion at which Schott arrived, that neither by forces 
of constraint nor by damping forces can we account for the fact 
that at very high frequencies the scattering by an electron is 
less than that calculated for a free electron. 


35. The Complex Electron 


It would seem that the only escape from our difficulty, con- 
sistent with classical electrodynamics, is to suppose either that 
the force on an electron at rest is for high frequencies less than 
the value He, as assigned by Lorentz’s force equation, or that 
the electric field due to an accelerated electron is less than is 
calculated from the usual electron theory. The possibilities in 
this direction resulting from assuming a new force equation 
have been investigated by Maizlish.! Taking the special case 
of an electron composed of two parts having equal charges but 
different masses, which are held together by certain pseudo- 
elastic and frictional forces, he finds an intensity of scattering 
which for high frequencies falls below that calculated from the 
usual theory. 

One might criticize the particular model employed by Maiz- 
lish in that energy seems to be absorbed (and retained in- 
definitely) by the electron, but probably some other method of 
altering the force equation might be postulated which would be 
free from this objection. We should thus be afforded, however, 
with a solution of only half of our problem. We have seen that 
as the frequency of the X-rays increases, the rays scattered at 
large angles decrease in intensity more rapidly than those at 
small angles, with the result that an asymmetry appears, similar 
to that due to interference when soft X-rays are used. This 


1], Maizlish, Jour. Franklin Inst., May, 1924. 
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asymmetry is shown clearly in Fig. .33, which represents the 
scattering of hard y-rays by iron. It is clear that a mere modi- 
fication of the force equation will only modify the absolute 
intensity of the scattered beam, but can have no effect on its 
angular distribution. 


36. The Large Electron 


A suggestion that at one time seemed to be very promising 
was that the electron, instead of being sensibly a point charge, 
has instead dimensions comparable with the wave-length of 
hard gamma rays.! The effect of this hypothesis is to make 
possible interference between the rays scattered from different 
parts of the electron. For wave-lengths considerably greater 
than the diameter of the electron, this interference would be 
negligible, and the electrons would act as described by the usual 
electron theory. If the wave-length is shorter, since the phase 
differences from different parts of the electron are larger for 
rays scattered backward than for those scattered at small 
angles, the intensity in the reverse direction should fall off the 
more rapidly. Qualitatively, therefore, this hypothesis is 
adequate to account for both the reduced intensity and the 
asymmetry of the scattered X-rays of very short wave-length. 

In order to avoid conflict with a view that an electron’s mass 
is due to its electromagnetic inertia, we may suppose that the 
electron has the form of a thin circular ring of electricity. For 
such an electron, with certain reasonable auxiliary assumptions, 
it can be shown ? that the intensity of the ray scattered by a 
single ring electron of radius a should be 


Le = Le Jon4s(24), Gr25) 


where J, is given by equation (3.08), « = He sin £ and J, is 


Bessel’s J function of the mth order. This expression for the 


1A. H. Compton, Jour. Washington Acad. Sci., 8, 1 (1918); Phys. Rev. 14, 20 
(1919). 

? A. H. Compton, Phys. Rev. 14, 20 (1919); Washington U. Studies, 8 ,104 (1921); 
G. A. Schott, Proc. Roy. Soc. 96, 695 (1920). 
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intensity of the rays scattered at different angles from a ring 
electron is found to be in surprisingly good accord with the 
experimental values, if the radius of the ring is assumed to be 
about 3 X 10710 cm.! 

This theory fails, however, as any theory based upon the 
classical electrodynamics must fail, to account for the change in 
the wave-length of the scattered X-rays. In view of the fact 
that the quantum theory which leads to a correct expression for 
the change of wave-length suggests also an adequate explana- 
tion of the reduced intensity of scattered X-rays of very high 
frequency, such arbitrary assumptions regarding the nature of 
the electron are unnecessary. It seems futile, therefore, to 
carry the discussion of the scattering of hard X-rays further 
from the standpoint of the classical electrodynamics. 


37. Summary 


The classical electromagnetic theory of scattering in its 
simplest form is quantitatively applicable to the scattering of 
comparatively soft X-rays by elements of low atomic weight. 
But when heavier elements are employed as radiators, the inter- 
ference between the rays scattered by the different electrons 
becomes appreciable, giving rise to what is known as “ excess 
scattering.” We find that it is possible to choose electron distri- 
butions within the atom which will give closely the observed 
intensity of scattering of ordinary X-rays, thus affording a 
means of studying these electronic arrangements. For very 
short waves, however, we find that the intensity of the scattered 
X-rays is less than can be accounted for on the theory of electro- 
magnetic waves, the difference being greater when the scattered 
ray makes a large angle with the primary ray. This fact, 
coupled with the observation that the wave-length of the 
scattered rays is always greater than that of the primary beam, 
indicates that there is some fundamental fault in the classical 
explanation of X-ray scattering. 


1Cf. e.g., A. H. Compton, Bulletin Nat. Research Coun. No. 20, p. 10 (1922). 
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X-Ray REFLECTION AND CrYSTAL STRUCTURE ! 


38. Laue’s Discovery and its Consequences 


“Tf,” as Henri Poincare has said, “‘ the value of a discovery 
is to be measured by the fruitfulness of its consequences, the 
work of Laue and his collaborators should be considered as per- 
haps the most important of modern physics.” ! In the diffrac- 
tion of X-rays by crystals we have a tool which has enabled us 
to show at once the identity in character of X-rays and light, 
and to determine with a definiteness previously almost un- 
thinkable the manner in which crystals are constructed of their 
elementary components. By its help we have studied the spec- 
tra of X-rays, we have learned to count one by one the electrons 
in the different atoms, and we have found out something with 
regard to arrangement and the motion of these electrons. 
The measurement of X-ray wave-lengths which is thus made 
possible has supplied us with our most precise method of deter- 
mining Planck’s radiation constant A, and in showing the 
change of wave-length when these rays are scattered has demon- 
strated the existence of quanta of momentum of radiation 
which had hitherto been only vaguely suspected. Thus in the 
two great fields of modern physical inquiry, the nature of mat- 
ter and the nature of radiation, Laue’s discovery of the diffrac- 
tion of X-rays by crystals has opened the gateway to many 
new and fruitful paths of investigation. 

It is not the purpose of the present chapter to present in 
detail an analysis of all the crystals whose structure has been 

1T am indebted to Mr. J. K. Morse for many helpful suggestions in writing this 


chapter. ¥ 
*M. de Broglie, ““Les Rayons X”’ (1922). 
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determined by X-ray methods. We shall rather confine our- 
selves to a description of the most important methods by which 
such investigations are carried out, and to the study of the 
structure of some of the simpler crystals as examples of the 
various methods. Before entering this discussion it will be 
advisable to review some of the nomenclature used in crystal- 
lography. For a more detailed discussion of the analysis of 
crystal structure, the reader may be referred to that remarkable 
book, “X-rays and Crystal Structure,” by W. H. Bragg and 
W. L. Bragg, on which much of the following chapter is based. 


39. The Space Lattice 


The feature which distinguishes a crystalline from an amor- 
phous substance is the fact that the fundamental units of the 
crystalline substance are arranged in a systematic pattern. 
Before X-ray methods were employed, measurements with a 
goniometer of the angles between the external faces had led to 
the classification of all kinds of crystals into six systems of 
symmetry, and these systems were further divided into thirty- 
two classes under which any particular crystal could be 
assigned.! The geometrical theory of crystal structure worked 
out by Bravais, Schoenke, Schoenflies, von Federoff and Barlow 
showed that these thirty-two classes could be still further ex- 
tended into two hundred and thirty space groups, which repre- 
sent all the possible ways of systematically arranging the 
fundamental crystallographic units in space. 

Before the application of X-rays to the study of crystals, it 
was not possible, in the case on any particular crystal, to deter- 
mine the nature of the fundamental units underlying its struc- 
ture, the distances separating these units, or the space group to 
which it belonged. By X-ray analysis we canlearn whether the 
crystallographic units are atoms, ions, molecules or groups of 
molecules. We can determine, with a few minor exceptions, 
the space group to which a particular crystal belongs. And 

1 An excellent account of the modern methods of crystal measurement is to be found 


in Crystallography and Practical Crystal Measurement, A. E. H. Tutton, Macmillan, 
1922, 2 vols. 
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what is yet more remarkable, we can measure with precision 
the actual distances between the atoms, ions or molecules.1 

The units of which a crystal is composed may be either 
simple or complex, a single atom, or ion or a complicated mol- 
ecule or even a group of complicated molecules. There must, 
however, exist some unit which occurs in the crystal in a regular 
repeating order, such that the situation of one of these units 
with regard to its neighbors is precisely similar to that of any 
other unit. We may take some point in this unit, for example 
the center of some atom, to represent the position of the unit. 
The group of such points is known as the space lattice of the 
crystal. It is found that any \such space lattice of points may 
be connected by a three-dimensional network of lines which 
form the edges of a group of parallelopipeds. Fig. 41 shows the 
space lattices to which all crystals may be referred.? 


40. Cubic Lattices 


If, for example, we desire to examine a cubic crystal, we 
know at the start that it must be built up from a simple cubic, 
a body centered cubic, or a face centered cubic lattice. The first 
question is to determine by means of X-rays which one. To do 
this we must be able to specify and identify in the actual crystal 


1Tnasmuch as this new analysis forms an extension of our previous knowledge of 
crystals and requires use of the results of the older goniometric measurements, the com- 
pilation by P. Groth of the external measurements of crystals in ““Chemische Crys- 
tallographie,” Leipzig, 1906, five volumes, forms an invaluable starting point for 
crystal analysis. 

2 Space does not permit the explanation of the detailed relations between these 
lattices and the 32 crystal classes and the space groups mentioned above. It will be 
noted, however, that all crystals can be divided into two main divisions which differ 
radically in their structure, namely, atomic or ionic lattices such as diamond and the 
alkali halides, and molecular lattices to which the majority of the organic compounds 
belong. 

All the possible space groups have been worked out analytically for ionic and atomic 
lattices by Wyckoff in his monograph, “The Analytical Expression of the Results of 
the Theory of Space Groups,’ Washington, 1922. For molecular lattices, on the 
other hand, W. T. Astbury and Kathleen Yardley, “Tabulated Data for the Exam- 
ination of the 230 Space Groups by Homogenous X-rays,” Phil. Trans. 224A, 221-259, 
1924, have presented a more satisfactory discussion. 
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certain planes which include certain points in the space lattice. 
This may be done in the following manner. 

Let a, 4, c, of Fig. 42 represent the edges of the unit parallel- 
opiped along its three axes, and let 4, B, C, be the plane to be 
described. This plane intersects the axes at distances O4 = pa, 
OB=\ g/*and "OG ='rc respectively, “where p, gyand 7 are 
integers. The reciprocals of these numbers are in the ratio 


Fic. 42. 


qr: 1p: pq, respectively. If these products are each divided 
by their greatest common divisor 7, we obtain the integers 


h=aqr[n, k=rp/n, 1= pq/n. (4.01) 


These are known as the (Miller) indices of the plane in question, 
and are written in brackets, thus (A, k&,/). The plane 4BC is 
thus known as the (4, k,/) plane, and the ratios a: 5: c¢ are 
known as the axial ratios. 

For the plane 4BC, p = 2,9 = 3,7 = 1, and m = 1, whence 
h = 3,k =2and/=6. The plane 4BC is thus the (3, 2, 6) 
plane of the lattice. Similarly for the plane 4FGE, p = 2, 
g=0o, P= ce, whence 4 = 1, k=o and (//= 0; sor this 
is the (1,0, 0) plane. In the same manner the points 4HDE 
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are in the (1, 1, 0) plane and the points 4H / are in the (1, 1, 1) 
plane. 

In the three fundamental cubic lattices, as shown in Fig. 43, 
if we call the distance between the layers of points in the (100) 


FIG. 43. 


planes a, the distances between the successive layers of points 
in the other planes are those given in the following table: 


TABLE IV-1 
DISTANCE BETWEEN PLANES OF A CuBic CRYSTAL 
T Poe aa (100) (110) (111) 
er et Planes Planes Planes 
SUM erCUbIC estes 58 eee ltteer eae: a 1/V 2° a 1/V 3° a 
Gide Centered ae haa .<oiays e,eetoreane ol 3 "6 a 2/ V2: a 1/V3 “a 
INNS CEUs eBlan cana neanon modo On bodonaae a 1/V 2-4 2/V 3 a 


It is clear that if we can by any means measure the relative dis- 
tance between these different planes we shall have a key to the 
distribution of the points on the space lattice. 


41. Crystal Structure by X-ray Reflection from Crystal Faces 


The most straightforward method of determining the arrange- 
ment of the atoms in crystals is that which was first employed 
by W. L. Bragg in studying the structure of rock-salt (NaCl) 
and sylvine (KCl). These are both cubic crystals which, in 
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view of their similar chemical constitution and crystal form, 
are presumably alike in structure. The information regarding 
their structure is obtained by reflecting a beam of X-rays from 
certain characteristic planes, and by measuring the intensity of 
this reflection at different angles. The spectra shown in Fig. 44 
give the result of such an experiment, when X-rays from a tube 
with a palladium target are reflected by these crystals. 

In Chapter I we showed that if X-rays of wave-length ) are 
reflected from a crystal composed of layers of particles spaced a 
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distance D apart, the reflection will occur when the glancing 
angle is given by une relation 
Ee) nx = 2D sin 6, (E703) 


where 7 is the order of reflection. 
The distance between the successive layers is thus, 


D = nx/2 sin 6. (4.02) 


Thus in the case of sylvine, experiment shows the grating 
spaces for the (100), (110) and (111) planes to be in the ratio 
1/sin §.22° : 1/sin 7.30° : 1/sin 9.05°, which is very nearly the 
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tatio 1: 1/+/2:1/+/3. A comparison of these results with 
the calculated ratios of Table 1V-1 shows that we are dealing 
here with particles arranged according to a simple cubic lattice. 
We have as yet, however, no information as to whether the 
particles so arranged are atoms, molecules or groups of atoms. 

In the case of rock-salt, however, Fig. 44 shows a weak 
first order reflection from the (111) plane at half the angle at 
which the reflection should occur if this crystal acted precisely 
as does sylvine. If we were to ignore this feeble reflection, we 
should have, considering the strong reflections only, the same 
ratios for the grating spaces for the different planes as was found 
for sylvine. But taking this weak first order reflection into 
account, the ratio of these distances is 


Dyoo : Dito : Dirt =a i Va eV 3. 


According to Table IV—1, these are the distances characteristic 
of a face-centered cubic nae s This crystal phew iore acts very | 
much as if it were a simple cubic lat- C 
tice superposed upon a face-centered 
cubic lattice. 

The following solution of this 
problem was suggested by Bragg: 
Let us imagine both NaCl and KCl 
to be represented by Fig. 45, where 
the solid circles represent atoms of 
chlorine and the open circles atoms 
of sodium or potassium as the case may be. There is thus an 
atom at each corner of each of the small cubes into which the 
figure is divided. 

In view of the considerations brought forward in the last 
chapter, we may suppose that it is the electrons within the atoms 
which are responsible for the scattering of the X-rays. Taking 
the number of electrons as equal to the atomic number, we 
should then have 11 electrons in the sodium atom, 17 1n chlorine 
and 1g in potassium. But since NaCl and KCl are polar com- 
pounds, we may suppose that the valence electron has left the 


‘ 
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sodium or potassium atom and has joined the chlorine atom. 
Thus we should have in the crystal 10 electrons in sodium, and 
18 in both chlorine and potassium. It is thus natural to sup- 
pose that chlorine and potassium atoms scatter about the same 
amount, but that the sodium atom scatters less than the other 
two. Thus a KCl crystal represented by Fig. 45 should scatter 
as would a simple cubic lattice of similar particles. In NaCl, 


~on the other hand, we can think of the arrangement as consist- 


ing of Io electrons at each point of a cubic lattice of edge a, and 
superposed on this 8 electrons at each point of a face-centered 
lattice of cube edge 2a. This would give 18 electrons at each of 
the chlorine atoms and Io at each of the sodium atoms, and 
would also give rise to exactly the type of superposed spectrum 


_ which is found from the (111) planes of rock-salt. 


It will be worth while to consider the matter from a slightly 
different standpoint. Referring again to Fig. 45, it will be seen 
that the successive layers of atoms in the (100) and (110) planes 
are identical with each other, each layer containing equal num- 
bers of sodium and chlorine atoms. In the (111) planes, how- 
ever, layers of sodium and chlorine atoms alternate with each 
other. If we were to consider the heavier chlorine atoms by 
themselves, they would give rise to a reflection as from a grating 


( space o 2/3). ut if there is 1 wave-length difference in path 
~ between thetays scattered by the successive layers of chlorine 


atoms, there will be just half a wave-length difference between 
the rays scattered by a layer of chlorine atoms and the adjacent 
layer of sodium atoms. These two rays will therefore be oppo- 
site in phase, but will not completely interfere, since the ray 
scattered by the chlorine atoms is the stronger. There is thus 
produced a weak first order line from the (111) planes, which is 
observed at about §.1 degrees. In the second order reflection 
from the chlorine layers, the difference in path between rays 
from successive layers of chlorine atoms will be two wave- 
lengths and that between adjacent layers of sodium and chlorine 
atoms one complete wave-length. In this case all the atoms will 
cooperate in their scattering, and the intensity will be much 
greater than in the first order. Thus we may expect from the 
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(111) planes of rock-salt that the odd orders will be relatively 
weak and the even orders of reflection relatively strong. 

The complete accord between the predictions based on this 
grouping of the atoms and the experimental spectra from rock- 
salt and sylvine, together with the simplicity of the arrange- 
ment, makes this structure appear very plausibleIt cannot be 
said that the proposed arrangement is the only one which will 
work. We might, for example, place 2 atoms instead of 1 at 
each point of the space lattice. Chemically, however, such a 
distribution would present grave difficulties, whereas the one 
pictured in Fig. 45 is quite acceptable. 


42. Confirmation by Measurement of X-ray Wave-lengths 


Perhaps the best verification of this structure is the fact 
that the wave-length of the X-rays calculated on the basis of 
the arrangement of the atoms, shown in Fig. 45 is in agree- 
ment with that determined by other methods. Assuming this 
structure, we showed in Chapter I that the grating space for the 
(160) planes of rock-salt ig D = (W//2Np)*, = 2.81 X 10-8 
cm., where /V is the molecular weight, p the density of sodium 
chloride, and N is the number of molecules per gram molecule. 
Using this grating space, the wave-length of the palladium X- 
rays used may be calculated from the formula m»= 2D sin 6 to 
be 0.576A. There are, however, several other methods by 
which the wave-length of X-rays can be determined. The most 
direct of these is that based upon the diffraction of X-rays by 
ruled gratings. This work, as we have seen (supra, p. 17), 
gives a wave-length identical within an experimental error of 
about 0.3 per cent, with that determined by crystal methods. 
It follows that the grating space which we have assigned to 
rock-salt and sylvine is correct. But if this grating space is 
right, there can be only one atom placed in each unit cube of 
side a, and it would seem that the distribution of the atoms 
shown in Fig. 45 is the only one possible. 
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43. Reflection Method Using Known Wave-length 


Having thus determined the wave-length of the X-rays 
which we are using, the analysis of the structure of other crystals 
is considerably simplified. Let us consider, for example, the 
case of diamond. This crystal is also of the cubic system. The 
spectra from the three characteristic faces are shown diagram- 
matically in Fig. 46. The palladium Ka line (A = 0.576) is re- 
flected from the (100) face at 19.0° in the first order, indicating 
a grating space of 0.885 X 1o-8cm. The volume of a cube of 
this edge iso.6g1 X 10-24 cm.3, But since the number of atoms 


Fic. 46. 


of carbon per unit volume is Np//V, N being the number per 
gram atom, VY the atomic weight and p the density of dia- 
mond, the volume associated with each atom is W/Np = 
12/6.06 X To? X 3761 =80.6 x 16 57* cm. | a his ie 1ee6, crook 
8.1 times the volume of our unit cube. In order to have 1 atom 
associated with each unit cube, we must therefore have the 
side of our unit cube equal to 2 Djoo. 

The spacings for the three characteristic planes will be seen 
from Fig. 46 to be in the ratios 


Dioo : Dio? Om = cae 1/+/2 : 277 33 


Of the ratios corresponding to the three simple cubic arrange- 
ments given in Table III, these agree most closely with those 
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for the face-centered cube. We may therefore take this lattice 
as our starting point to build up the crystal structure (Fig. 47, 
the solid circles). Let us consider, in Fig. 47, that the cube 
associated with any particular atom is the one which has the 
atom at its lower, front, left-hand corner. It will then be seen - 
that only half of the cubes are associated with the atoms repre- 
sented by the solid circles. In order to have one atom associated 
with each unit cube we must therefore locate an equal number 
of additional atoms. Since the grating space Dioo is 3 that of 
the “black” atoms, the additional ‘“‘white” atoms must all be 
placed midway between the (100) planes of the black atoms. 
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This can only be done by placing the white atoms at the centers 
of the cubes drawn in Fig. 47. But only half of the cubes require 
atoms in order to make up the full number of 1 atom per cube. 
If therefore we place the white atoms in the centers of the cubes 
with which black atoms are not already associated, we obtain 
the required distribution. 

The spacings of the atomic layers in the different planes 
according to this structure are shown diagrammatically in Fig. 
48. In the (100) and the (110) planes the successive layers are 
equal and are equally spaced. In the (111) plane, however, we 
have equal layers of atoms arranged in pairs, such that the dis- 
tance between the two layers of a pair is } the distance be- 
tween two successive pairs. We should therefore expect the 
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intensities of the higher orders from the (100) and the (110) 
planes to fall off in the normal manner. But at the angle for 
the second order reflection from the (111) plane the ray scat- 
tered from the two layers of the same pair will be opposite in 
phase and should just neutralize each other. We should there- 
fore expect the second order reflection to be absent from the 
reflection by the (111) faces of diamond. A glance at the spec- 
tra shown in Fig. 46 shows that this is indeed the case. The 
information given by the absence of this second order reflection 


(/00) (110) (111) 
Fic. 48. 


has not been used in determining the crystal structure shown in 
Fig. 47. The fact that this structure predicts its absence is 
therefore an independent verification of the structure that has 
been assigned. 


44. Powdered Crystal Method of X-ray Crystal Analysis 


In order to employ the method of reflection which has just 
been described it is necessary to use crystals with faces large 
enough to be set with the desired orientation on the crystal 
table of the spectrometer. Many substances{ including most of 
the chemical elements} are not available in the form of such 
crystals. These materials can have their structure examined 
by the powdered crystal method, developed by Debye and 
Sherrer ! and Hull? 

Instead of observing the reflections from different crystal 
faces one at a time, one may use a very large number of finely 
pulverized crystals, among which some will always be oriented 

1 Debye and Sherrer, Phys. Zeits. 17, 277 (1916); 18, 291 (1917). 


2 A. W. Hull, Phys. Rev. 10, 661 (1917); 17, 571 (1921); Frank, Inst. Jour. 193, 
189 (1922). A. W. Hull and W. P. Davey, Phys. Rev. 17, 549 (1921). 


POWDERED CRYSTAL METHOD 103 


at every possible angle, and record the reflections on a photo- 
graphic plate from all the faces simultaneously. The photo- 
graph thus obtained will have upon it all the reflected lines 
which can possibly be obtained from the crystal. The apparatus 
used in taking such photographs is essentially very simple, and 
is shown diagrammatically in Fig. 49. The rays from the tar- 
get S of the X-ray tube pass through a filter F which renders 
the rays nearly homogeneous, and then traverse the sample C 
under investigation. The record is obtained either on a plate 
placed at P or on a cylindrical film with the sample C at the 


Filter 


Is, 
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center. Figs. 50 and 51 show respectively photographs thus ob- 
tained when X-rays from a tube with a molybdenum target, 
after being filtered through an absorption screen of zirconium 
oxide, traverse fine crystals of silicon and magnesium.! The 
distinctly different pattern of lines obtained in the two cases 
correspond to the different distribution of the atoms in the two 
types of crystals. 

It is clear that there is no way of telling directly which line 


1 These photographs are taken from Hull’s paper, Phys. Rev. 10, 662 (1917). 
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on these photographs is due to the reflection from any particular 
face. This makes the analysis of the crystal structure somewhat 
more complex than when Bragg’s large crystal method 1s used. 
For simple substances, however, the problem is not difficult. If 
the crystallographic data are known, there is a very limited 
number of possible arrangements for the points on the space 


HIGH 51. 


lattice, and the pattern of lines to be expected from each such 
lattice may be calculated. The procedure then consists merely 
in finding to which pattern the observed lines belong. The fit 
must be exact, both in position and intensity, so that there i 1S 
little chance for an error to occur. 

Let us calculate the positions and intensities for certain 
z simple lattices. The reflections will occur 
at all angles for which the condition 


Pix,y, 2) 
nr = 2D sin 0 


is satisfied, where D,, 1s the distance be- 
tween the successive layers of atoms in the 
(Ak/) plane. This distance may be cal- 
culated in the following manner. The 
distance of any point P(x, y,z) from a 
plane through O parallel to the plane XYZ 
(Fig. 52) is 


IRN eos PON, (4.03) 
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where R =V x? + y? + 2, and PON is the angle between the 
line OP and the normal ON to the plane XYZ. If a, 8, y are 
the direction cosines of ON, and a’, B’, y’ those of OP, then 

cos PON = aa’ + BB’ + vy’. 
But a =x*/R, p’ = y/R, y' =2/R. Also, in the figure, 
a = ON/OX, 6 = ON/OY, vy = ON/OZ, whence 

ee ee ee 
bee ONC OY. (07 
= hk 27, (4.034) 

by equations (4.01). Since a? + 6? + 7? = 1, we have, 

a=h(/VPFRPH+E, 

B= k/VP FREE, 


y= IWVPER EP. (4.04) 
It follows that 
fo hx ky Iz 
o ae: : ue eer 
I 


If the atoms which act as diffracting centers are all alike, and 
are arranged on a simple cubic lattice of side a, then each time 
x increases by a/h, y by a/k or z by a// we shall have moved 
from one layer of atoms to another. Thus the grating constant 
will be, 


Diz = a/ V fi? + k2 -- [?, (4.06) 


For the cube centered lattice, the calculation is complicated 
by the fact that, if 2a is the edge of the unit cube (Fig. 434), 
for certain planes the numerator of equation (4.05) must be 
increased by only a and for others by 2a in order to reach the 


1 The general expression for Z for any set of axes and axial ratios is derived by Hull 
in the Physical Review, 10, 677 (1917). 
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next layer of atoms. Thus for the (100) or the (111) planes an 
increase of « by the distance a means a change from one atomic 
layer to the next; but for the (110) plane, ~ must change by 
2a to reach the next atomic layer. In general, for this lattice, it 
can be shown that iff + & + /is an odd number, the numerator 
of equation (4-05) must change by a to reach the next atomic 
layer, whereas if A + k + /is even, it must change by 2a. Thus 
the grating constant for the centered cubic lattice 1s 


De = (a or 2a) / V h? + ges + lee. (4.07) 


where the choice of a or 24 is made according to the condition 
just stated. | 

Using this value of the grating space, we find that the wave- 
length » will be reflected at the angles given by 


Sin oy 20 — sit Gi —" Nn 2), (4.08) 


where ¢ is the angle between the primary and the reflected 
beam. There will of course be a separate line for each different 
order of reflection 7. 

There will be a gradual decrease of intensity of the lines as 
the angle becomes greater, just as in the case of reflection from 
a single crystal. There will also be variations in the relative 
intensities of the different lines due to the fact that different 
numbers of the different types of planes are present. Thus, sup- 
pose we have calculated the distance between the planes of a 
cubic crystal for which 4 = gi, k = go and / = gs, i.e., for the 
(gigeg3) plane. It is clear that the spacing of the planes will be 
the same whatever the order of the g’s or whatever their signs. 
It would be the same, for example, for the (321) plane as for the 
(231) plane, where 1 indicates that the Z intercept is negative. 
If all the g’s are different and differ from zero, this makes 48 
different planes whose spacing is identical. There are 6 planes 
with the same spacing as the (100) plane, corresponding to the 
6 faces of a cube, 12 (110) planes, one for each cube edge, and 8 
(111) planes, each for each cube corner. 

The number and relative spacings of the different planes for 
the special case of the body centered cube are tabulated below. 
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As an example of the calculation, consider the (211) plane. 2+1 
+ 1 = 4, which is even, whence, by equation (4-07), 


Daye = 2-4a/V 4 tiv 10.408 X 22. 


There are 24 possible permutations of the indices, considering 
both positive and negative values, corresponding to 24 possible 
orientations of the crystal at which this grating space will be 
effective. This number thus measures the relative intensity of 
the lines. 


ABELL V—2% 


SPACING OF PLANES FoR CENTERED Cusic Lattice (Distances In TERMS or EDGE 
2a oF Unit Cuse = 1) 


‘ Plane Families 
Indices of Form Belonging to Form Spacing of Planes 
IIO 12 a fog) 
100 ‘ 6 . 500 
211 24 .408 
310 24 SPIO) 
III 8 .2885 
321 48 2072 
411 24 2368 
210 24 n22e0 
Be2 24 OM 02 
431 48 1960 
510 24 . 1960 
521 48 1826 


* More complete tables for this and other lattices are given by A. W. Hull, Phys. Rev. 10, 
674 (1917). 


45. Structure of Molybdenum Crystals 


We can now plot the positions of the lines to be expected 
from such a lattice in terms of sin ¢/2, as in Fig. 53. In this 
diagram the height represents the estimated intensity, and the 
spacing is on an arbitrary scale. Fig. 54 shows the pattern ob- 
tained ! when the line \ = .710A traverses powdered crystals 


1A, W. Hull, Phys. Rev. 17, 571 (1921). 
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FIG. 53. 


Fic. 54. 
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of molybdenum. It will be seen that the lines occur in positions 
corresponding exactly to the face-centered lattice, whereas the 
patterns obtained with silicon and magnesium (Figs. 50 and 51) 
do not agree with this diagram. From the angles at which the 
lines occur, we can calculate the value of a as 1.57A, whence 
the side of the unit-centered cube is 24 = 3.14A. The structure 
of the molybdenum crystal is thus completely determined. 
Proceeding along similar lines it is found that the line pat- 
tern shown in Fig. 50 for silicon agrees exactly with that calcu- 


lated for a lattice like that of diamond, as shown in Fig. 47. The 
distance between the atoms is, however, greater, the grating 
space between the (111) planes being 3.14 X Io~® cm. instead 
of 2.05 X 10-8 cm. as in the case of diamond. Magnesium 1s a 
hexagonal crystal, and the line pattern shown in Fig. §1 corre- 
sponds to the hexagonal close packed arrangement, such as 
shown in Fig. 55. The angles at which the lines appear indicate 
that the minimum distance between the magnesium atoms is 
Rp eree 

While theoretically this powdered crystal method 1s not as 
powerful as the single crystal method, since the orientation of 
the crystals for the different lines is initially unknown, its great 
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convenience has made it used perhaps more than any other 
method of X-ray crystal analysis. 


? 46. Method of the Laue Spots 


Laue’s method of permitting a beam of X-rays containing a 
large number of wave-lengths to pass through a thin section of a 
crystal is the simplest X-ray method of obtaining crystallo- 
graphic information. As usually used, it does not give direct 
measurements of the spacings for the different planes. It does, 
however, exhibit the symmetry of the crystal, and thus forms an 
independent check on the goniometric measurements, or when 
these are not available it may partly replace them. In the hands 
of Ewald ! and Wyckoff,? this method has supplied all the nec- 
essary information to assign particular crystals to the correct 
space groups. 


47. Gnomonic Projection 


The first step in the interpretation of the large number of 
spots obtained in a Laue photograph is to identify the indices of 
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the planes producing them. This may be simply done by the 
method of gnomonic projection. Imagine a beam of X-rays 
traversing a section of a crystal placed at Z (Fig. 56), and being 
partially reflected along ZS, producing a spot on the photo- 
graphic plate at S. If ZC represents the plane in the crystal re- 


1P. P. Ewald, Ann. der Phys. 44, 257 (1914). 
*R. W. G. Wyckoff, Ann. of Sci. 50, 317 (1920). 
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sponsible for this partial reflection, its angle of inclination 6 to 
the incident X-rays is given by the relation, 


OS 38 

Oz ~~ tan 20. (4.09) 
Now draw a line from Z, perpendicular to ZC, intersecting the 
photographic plate at 4. The point 4 is then the gnomonic pro- 
jection of the observed spot S. It is on the line joining S and 
the central image O, and is at a distance from the center, 


a= 2 C0t 8. (4.10) 


The different points 4 can be rapidly plotted for each of the ob- 
served spots S' by the help of a double ruler, such as shown in 
Fig. 57, in which the distances a corresponding to the distances 
s are calculated from equations (4.09) and (4.10). 

If the direction ZO of the incident X-rays coincides with one 
of the axes of a cubic crystal, the coordinates of the point 4 de- 
termine at once the index of the plane responsible for the spot J. 
In Fig. 58, which is a 3-dimensional diagram of a Laue spot S 
and its gnomonic projection J, the reflecting plane in the crystal 
is seen to intersect the X, Y and Z axes at distances x, y, and z 
respectively. The Miller indices of the plane are thus in the 
ratio, 

SRE A es Sone ae 


ek == 3 =f = = 
x pe Mh -V B 


But by the construction of the figure it 1s evident that 


JOU Let er nee 
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Since z, the distance from the crystal to the plane, is known,! 
the coordinates x’, y’ of the point 4 thus give at once the Miller 


indices. 
1Jn practice, the distance Z is usually taken as 5 cm. 
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Ga S a7. 


FIG. 59. 
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48. Structure of Magnesium Oxide 


We may take as an example of the application of this method, 
the cubic crystal of magnesium oxide (MgO). A photograph of 
its spot pattern, with the X-rays incident along the Z axis, taken 
by R. W. G. Wyckoff, is shown in Fig. 59. Fig. 60 shows these 


spots as an inset, and their corresponding gnomonic projections. 


If we assume that magnesium oxide has the same type of 
structure as rock-salt, and if the ions are Mg++ and O-~-, with 
to electrons to each ion, it will be approximately a simple cubic 
crystal. By equation (4.06), the grating constant for the 
(A, k, /) plane is 


Dix = a/(h? + k2 -+- 12)4, (4.06) 


where a is the edge of the unit cube. The wave-length of 
the rays producing an observed spot may now be calculated 
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from the relation 
nr = OD sin 0. (4 $ 1) 


It will be seen from Fig. 58, however, that 


cing = of Va gt 
or by equations (4.11), 


sind =1/VR+R+ 2. (4.13) 


Substituting this value for sin @ and the value given by 
equation (4.06) for Dj in equation (4.12), we get 


ny = 2al/(h? + k? + /?). (4.14) 


In Fig. 60 we notice that the reflection from the (211) 
plane is intense. To calculate the corresponding wave-length 
from equation (4.14) we must know the value of a. If we take 
the molecular weight of MgO as 40.3, its density as 4.02 g. cm.%, 
and Avogadro’s number as V = 6.06 X 1073 per gram molecule, 
we have, assuming that the crystal has the rock-salt structure, 
g@=(W/2Np)* = 2.104. Kor the’ (11) plane, 4 "2a 
1, and /=1. The wave-length of the first order reflection 1s 
thus given by equation (4.14) as \ = 2 X 2.10/6 = 0.70A. 
Since the X-rays used in these experiments are usually intense 
over a wave-length range from about 0.3 to 0.9A, this result is 
satisfactory. A similar test for the other spots gives equally 
acceptable results,! whereas if other lattices had been assumed, 
some of the calculated wave-lengths would not have been within 
the range employed. Thus we infer that the crystal has the 
sodium chloride structure. 

The chief disadvantage of this method is evidently that it 
affords no direct measurement of the grating space correspond- 
ing to each plane, so that a complete analysis can be effected 
only for the simplest crystals. This difficulty may be overcome 

1 Certain faint spots appear on Wyckoff’s photographs, due to the first order reflec- 
tions from planes such as (3, 2, 1) as calculated for a face-centered lattice, in which, 


according to the “rock-salt”’ structure, the layers of Mg and O atoms interfere. ‘This 
is probably due to a different electronic distribution in the Mg and the O atoms. 
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by the method devised by Duane,! in which the potential 
applied to the X-ray tube is gradually reduced until the spot 
disappears. Having determined this critical potential VY, the 
wave-length is calculated from the quantum relation, 


he 
ee as) 


and the grating space is then given by equation (4.12). In 
Duane’s experiments the spots are detected by an ionization 
method, so that the potential at which each spot appears can 
readily be determined. When the wave-length is known from 
such measurements, the study of the Laue spots presents as 
much useful information as does the method of reflection from 
crystal faces. In fact the two methods become identical in 
principle. 

The chief advantage of the Laue photographs in the study of 
crystal structure lies in the fact that from the many reflections 
from planes with complicated indices one can conveniently 
make intensity comparisons between the different planes. 
Using the reflection from crystal faces, such comparisons can be 
made only with considerable labor. 


49. Crystal Structures of the Solid Elements 


It will be useful to present as a conclusion to this discussion a 
table of the structure of crystals of the elements that have been 
examined by the X-ray method. Most of the data included in 
these tables have been taken from a paper by A. W. Hull.? The 
remaining data have been gathered from miscellaneous sources. 
The number of crystalline compounds whose structure has been 
investigated by these methods is now so large that a complete 
table of them would be too long to include here. A summary of 
this work is given (to 1924) in the appendix of W. H. Bragg and 
W.L. Bragg’s fourth edition of “ X-rays and Crystal Structure,” 
and in the second part of R. W. G. Wyckoft’s “ The Structure 
of Crystals.” 


1 W. Duane, Phys. Rev. 1922. 
2A, W. Hull, J. Franklin Inst. 193, 200 (1922). 
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Crystal Structure, 
Substance Type of Lattice 
ithianagemee de Body-centered cube 
Carbon: 
Diamond Tetragonal cube 
Graphite snc. Hexagonal 
Sodium eee os Body-centered cube 
Magnesium.......| Hexagonal close pack 
Aluminium........| Face-centered cube 
Siliconitasetecas saute Tetrahedral cube 
Sul pliume secre Orthorhombic 
Potassium’ nr re Body-centered cube 
(Caleiime entra Face-centered cube 
slttatiiiimaey reyes Hexagon close pack 
Nam aclituin ey eumenet Body-centered cube 
Chromiuine see Body-centered cube 
Tron Body-tentered cube 
ee hy areas ae Hace-contered cube 
ace-centered cube 
Cobalt.........4. { He hice cack 
Nickel fevers: Face-centered cube 
Coppers. tenes Face-centered cube 
ZAC Ae wieverstere nicer Hexagon close pack 
Germanium... .. Tetrahedral cube 
ZALCODMU eee ghee Hexagon close packed 
Molybdenum..... Body-centered cube 
Ruthenium....... Hexagonal close pack 
Rh oditian eee Face-centered cube 
Palladium........ Face-centered cube 
Silverton erste site cenceens Face-centered cube 
@adiniwineserarerer-rae Hexagonal close pack 
iGaG RECO AG Ged ono Face-centered tetragonal 
AOE D Yoo cosnen Tetrahedral cube 
Antimony........ Rhombohedral hexagonal 
J Hexagonal close pack 
Cerxiitinns asters { Face-centered cube 
PAantavanyy vise so: Body-centered cube 
TUB GSten sek oie, ste Body-centered cube 
Osimituniapacmnne els Hexagonal close pack 
Ig bRELIM, p OAc Aco UT Face-centered cube 
Bigtintnies eter. Face-centered cube 
Golde aise tare Face-centered cube 
Mercury ec <1<6 tents Tetrahedral hexagonal 
ead x agperes craton Face-centered cube 
Bismuth vie sees Rhombohedral hexagonal 
Ebboniuin peewee Face-centered cube 


varies cone Ct 
- stant, Side o oses _ 
aon Elementary | Approach Rego: 
allo | Cube or Hex- | of ies 
agon, A 
Sra 3E50 3.03 I 
See ayes 3.56 2.06 2 
DT 2.47 I.50 3 
eee 4.30 Bue I 
1.624 3.22 eRe) I 
tee ae 4.05 2.86 1; 
PRO 5.43 2.35 5,1 
Fok Geet MERCOLA STO. AWko chen acco 20 
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Lee B50 3-93 6 
1.59 2.97 2.90 dh 
Nutter 3.04 2). Of 8 
Neyaterer 2.805 2.508 9 
ee 2.86 2.48 I 
Saree 3.60 2.54 10, 19 
igo x rae 3.554 2.514 9 
1.633 2o5LA 2.514 9 
arse Pek 3.540 2.505 I, 9, If 
aeioreed 3.60 2.54 12 
1.860 2.670 aor 9 
ahorye 5.61 pee 22 
1.59 3.23 ea) ~7 
Geo 3-143 2.720 9 
I.59 2.686 2 et 9 
eee 3.820 2.700 9 
everett 3.950 2.795 9 
Aeeese: 4.060 2-818 13 
Bye) 
1.890 2.960 2.06 9 
3-33 
1.06 4.58 3.24 9 
caterers 6.46 2.80 II 
2.87. 
2.647 4.28 3.02 I5 
sarees BOS 3.64 Of 
L.62 ie 367} 3.64 7, 
Beauty re Beale) 2o83 9 
aas- SSO) 227120 16,9 
2.66 
1.59 2.714 { DW 7 
sei eto 3.805 2.690 9 
delat 3.930 2.780 9 
cramer rete 4.08 2.88 17 
1.88 BcGhey satiiswaiak tes 23 
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GHAP TER Rev: 
INTENSITY OF THE REFLECTION OF X-Rays FROM CRYSTALS 


I. INTRODUCTION 


50. Reflecting Power as a Function of Electron Distribution 


We have seen in the last chapter that the higher orders of a 
given spectrum line diminish rapidly in intensity. An investiga- 
tion by W. L. Bragg! and W. H. Bragg,” in connection with 
their early work on the reflection of X-rays, revealed the fact 
that the intensity of the lines varies in much the same manner 
for the different faces of a crystal, when the successive layers of 
atoms are similar to each other. A summary of the work of this 
character on crystals of rock-salt is shown in Fig. 61. This 
shows the intensities of the reflected lines observed at different 
angles when the rhodium Ka line is reflected from the various 
faces of a rock-salt crystal, as measured by W. L. Bragg, James 
and Bosanquet.? The positions of the reflections from the dif- 
ferent faces are plotted in the terms of sin 6/sin 6100, where 9100 
is the angle at which the first order reflection from the (100) face 
occurs. In labeling the different lines, the indices (222) have 
been used to indicate the second order reflection from the (111) 
plane, and similarly for the other lines. The height of each line 
is proportional to the area under a curve representing the line 
plotted as in Fig. 44, and may be called the “integrated re- 
flection.”” When measured in this way, the relative intensity of 
any two lines is independent of the width of the slits used and 
of the accuracy of setting on the center of the line. 

It will be noticed that for the faces with even indices, in 
which cases all the atoms co-operate in their scattering, the tops 


1W. L. Bragg, Proc. Roy. Soc. A 89, 468 (1914). 

2 W. H. Bragg, Phil. Mag. 27, 881 (1914). 

3 W. L. Bragg, James and Bosanquet, Phil. Mag. 41, 309 (1921). 
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of the lines fall upon a smooth curve. A similar curve connects 
also the lines reflected from the planes with odd indices, in 
which case the rays scattered by the sodium atoms interfere 


with those scattered by the chlorine atoms. It has been shown 
100 
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FIG, 61. 


by W. H. Bragg! that the smooth curve joining the tops of 
these lines is represented approximately by the expression, 


) 
pei Oe ae aie’ 20g Bsin? 0 (zon) 
sin? 6 


In this expression the constant C depends upon the energy in 

the incident beam, the wave-length of the X-rays and the nature 

of the crystal. The factor (1 + cos? 26) is the polarization factor 

which appears in expression (3.04), and the factor e~®*'”® ig in- 
1W. H. Bragg, Phil. Mag. 27, 881 (1914). 
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cluded to take account of the thermal agitation of the atoms, as 
will be discussed below. The factor sin26 in the denominator is 
an arbitrary one, chosen to make the calculated reflection fit the 
experimental data. 


It is well known that if the width of the lines ruled on a dif_. 


fraction grating is comparable with the distance between the 
successive lines, the intensity of the higher orders of the spec- 
trum rapidly diminishes. Similarly, in the case of the reflection 
of X-rays from a crystal, if the thickness of a layer of atoms as 
determined by the distribution of the electrons is comparable 
with the distance between the successive atomic layers, the 
higher orders of reflection should fall off rapidly in intensity. 
The intensity of the reflection of X-rays from crystals as a func- 
tion of the distribution of the electrons was first examined 
theoretically by C. G. Darwin,! who showed that if all the elec- 
trons were in the mid-planes of their atomic layers the integrated 
reflection should be inversely proportional to sin @ cos 6 instead 
of to sin?@ as indicated by equation (5.01). There thus remains 
a factor in the experimental reflection formula of about 1/tan 8, 
which is presumably due to the fact that the scattering electrons 
are not in the mid-planes of their atomic layers, in other words, 
that the size of an atom is comparable with the distance from 
one atom to the next. In the present chapter we shall review 
the progress which has been made in determining from a study 
of X-ray reflection the distribution of the electrons within the 
atoms. 


2. THEORY OF THE INTENSITY OF CRYSTALLINE REFLECTION 


51. Perfect and Irregular Crystals 


The investigation from the theoretical standpoint of the in- 
tensity of the X-rays reflected from crystals has occupied the 
attention of a number of writers.!_ Comparison of these theories 


1P, Debye, Ann. d. Physik, 43, 49 (1914). C. G. Darwin, Phil. Mag. 27, 315 and 
675 (1914); 43, 800 (1922). W.H. Bragg, Phil. Trans. 215, 253 (rg15). A. H. Comp- 
ton, Phys. Rev. 9, 29 (1917). ' W. L. Bragg, James and Bosanquet, Phil. Mag. 41, 
309 (1921). H. A. Wilson, Phys. Rev. 18, 396 (1921). P.P. Ewald, Phys. Zeitshr. 22, 
29 (1925). W. Duane, Proc. Nat. Ac. Sci. 11, 489 (1925). 
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with experiment has shown that the crystals which we ordi- 
narily use are by no means perfect. On the other hand, there is 
enough regularity in the crystal structure so that when turned 
near the angle of maximum reflection the atoms inside the 
crystals are partially shielded by the reflection of the X-rays 
from the surface layers of atoms. We may distinguish between 
the two limiting cases of a crystal so perfect that we can treat it 
as a perfectly regular arrangement of atoms, and the case of a 
crystal so irregularly formed that the components which are 
sensibly perfect are so small that the upper layers of atoms do 
not appreciably shield the lower layers from the incident X-rays 


Fic. 62. 


when the crystal is so oriented that it gives the maximum reflec- 
tion. It is found that a good piece of calcite approximates a . 
perfect crystal, whereas rock-salt is more nearly what we may 
describe as an “ irregular crystal.” 

No real crystal lies strictly in either category. It is easier, 
however, to prepare an approximately “irregular ” crystal than 
to prepare one that is nearly perfect—it can be made irregular 
by grinding to a powder if other methods are ineffective. The 
most important case is therefore that of the irregular crystal. 
We can examine this problem by considering first the intensity 
of the diffracted beam from a very small crystal, and we can 
then find the effect of groups of such components in the form of 
crystalline aggregates or of powdered crystals. 
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52. Diffraction by a Very Small Crystal 


Let us consider the amplitude of the wave scattered by a 
single electron placed at some point O in the mid-plane of a layer 
of atoms (Fig. 62). For convenience we shall first take an inci- 
dent wave whose electric vector E, is perpendicular to the plane 
SOP. If this vector is represented by 


E, = A, cos (pt + 6), (5.02) 
then, by equation 3.10, the resulting field at P is 

E, = A,.cos (pt + A), ay (5.03) 
where 

WA Seige) wre, (5.04) 
and 


A= 6-— pr/c. 


If all the electrons in an atom were exactly in the midplane 
of the atomic layer, and if the glancing angle @ is given by the 
relation 

nx = 2D sin 6, 


all the rays scattered to P would be in the same phase, and the 
resulting amplitude would be the sum of the amplitudes due to 
the individual electrons. But if an electron is at a distance 2 
_ from the middle of the atomic layer to which it belongs, the 
path of the ray scattered to P is increased by 2z sin 6, and its 
contribution to the amplitude of the ray scattered by the atom 
is accordingly 


A, = Ao CH (Faz sin ) ° 
We may express the probability that any electron will be at a 
height between z and z + dz above the mid-plane of the layer 


of atoms to which it belongs as p(z)dz. The probable contri- 
bution to the amplitude by any electron is then, 


A, = 4 { Pe cos a sin o)ie, (5.05) 
age , 


. 
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where a is the maximum possible distance of an electron from 
its atomic layer. If there are a number Z electrons in each 
atom, the amplitude due to an atom is thus — 


ZA, = AF, = FA, (5.06) 


e2 
9) 
mrc2 
where 


F= 2{ pe) cos Ee sin 0d. (5.07) 


The quantity F is called the “ structure factor ” of the atom. 
Let us now imagine a volume element dx dy dz of a simple 
cubic crystal composed of a single kind of atom. This crystal 
element is large enough to contain a large number of atoms but 
is so small that when oriented near the correct angle the 
phases of the rays diffracted by all the atoms are sensibly the 
same except for multiples of 27 for different atomic layers. If 
there are 7 atoms per unit volume, the amplitude of the ray 
diffracted by such a volume element is, in view of equation 


(5.06), 
dA = nA,Fdxdydz. (5.08) 


Let us suppose for convenience that each of the very small 
crystals has the form of a rectangular parallelopiped whose 
edges are 6x, dy and 6z. We have assumed that the dimensions 
of this crystal are so small that the rays are not appreciably ab- 
sorbed on passing through it, and it follows that the phase of the 
wave diffracted by the whole crystal is the same as that from an 
atom at the center of the crystal. We shall therefore take this 
point as the origin of coordinates. Consider the case when the 
ray is incident (as in Fig. 63) at a glancing angle 6 + a, where 
sin 6 = 2d/2D, and is diffracted at the angle 6+ 6, y where 
the angle y is measured in a plane perpendicular to SOP. A ray. 
diffracted from a crystal element at a point x, y, z in the crystal 
traverses a path which 1s longer than that from an atom at O by 


x(a — 8) sin@ + yy + 2{2 sin @ + (a + 8) cos 6}, 


- 
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if second order terms in a, 6 and y are neglected. Considering 
the manner in which we defined dd (equation 5.08), it will be 
seen that the diffracted rays from all parts of the crystal are in 
the same phase, except for integral multiples of 27, when the 
difference between their paths is 2z sin 6. Neglecting multiples 


FIG. 63. 


of 27, the phase of difference between the rays from x, y, z and 
from O is accordingly 


= = (x(a — 6) sind + yy +2(a+ 6) cos 6}. (5.09) 


The amplitude of the ray reflected by the whole little 
crystal is (by eq. 5.08), : 


62/2 6y/2 64/2 
Ay = nAF i if cos 8-dx dy dz 


62/2 éy/2 62/2 
sin £sin 7 sin ¢ 
Aol: eeuks S ax by dz, (a0) 
g n 6 
where 

OM a. 

g= a(B i a) sin 6, 

oy 
== at 


t=rle4 a cos 0. 


We have seen that the intensity of a wave the amplitude 
of whose electric vector is 4 1s 


Ty = cAy?/8q. (5.11) 
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Substituting the value of 4 found above we should thus obtain 
the intensity of the ray diffracted in the direction 8, y. How- 
ever, we usually measure with an ionization chamber the rays 
diffracted at all angles 8, y at which any appreciable intensity 
is observed, i.¢., effectively, - 


ie =f rdp | rave. (5.12) 


This is the “ power,” or energy per unit time, diffracted by the 
crystal when the incident rays strike at an angle 6 + a. When 
we determine the energy represented by the area under a spec- 
trum line, we sum up the power of the diffracted ray for all 
angles a at which the intensity of the diffracted ray is measur- 
able. A common procedure for doing this is to rotate the crystal 
with a slow uniform angular velocity w past the angle 6. The 
angle a then lies between a and a + da for a time da/w, and the 
total energy diffracted near the angle @ as the crystal is rotated 
1s 


ow 
W =f Die (Gao) 


Substituting the value of Py given by equations (5.12), (5.11) 
and (5.10), this expression becomes: 


Wy =  midePrseayoe f { f 
Sr w “4 


sin? {h(8 — a)\ sin? {ky} sin? {a + 8)} 


: , daddy, 
Ceram ne edag. re 
where 
(OWN 6 
h= n—sin 0, = ms f= cos 6. 


The portion of this expression within the integral signs has the 
value 2°/2hk/, whence 
cr2n2 A 2 2y3 
Wyr= dx Sy dz 
87 w2 sin 8 cos 0 
eG Ee OS 
82 «ww mrc* sin 20 


>) 
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since 4, = 4,e?/mrc?, where 6V = 6xédyéz. But the intensity 
of the rays incident on the crystal is J, = a Thus 

T 


Tet 1h : 


WV = ee ae 
wm?ct sin 20 


(5.14) 


This represents the total energy reflected by the crystal when 
illuminated by X-rays polarized with the electric vector per- 
pendicular to the plane of reflection, when the crystal is turned 
past the angle of maximum reflection @ at a uniform angular 
velocity w. 

If we had considered an incident ray whose electric vector 
lies in the plane of reflection, it is clear that the electric vector 
of each diffracted ray would have been reduced by the factor 
cos 26, so that the intensity, and hence also the total reflected 
energy would have been reduced by the factor cos? (26). Thus 
if Wz is the energy of this component of the reflected beam, 
since the intensity of each component of the unpolarized inci- 
dent beam is equal on the average to half the whole incident 
intensity J, 

We = YW, cos? 206, 
and the whole reflected energy 1s 


W=Wi4+ Wr. = Wi + cos? 286) 


2 
= i 4 ip Cee (cere) 


20 m?ct sin 26 


We may thus write for the integrated reflection, 


WW w ee a a 1 + cos? 20 

——~ = —42)38 2 —__. —___ 

Vs 3” ea mct sin 26 A (5.16) 
= OSV. 


In this expression WV is the total energy diffracted by a small 
crystal of volume 6/, as it is turned past the angle 6 with a uni- 
form angular velocity w. J is the intensity of the incident (un- 
polarized) beam, 7 is the number of atoms per unit volume of 
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the crystal, , e, m and ¢ have their usual values, and F is the 
“ structure factor ”’ defined by equation (5.07). 

No mention has been made of the effect of the thermal 
agitation of the atoms in the crystals. Debye and Darwin have 
tried to take account of this motion by introducing into equa- 
tion (5.16) a factor of the form e 7°’, where B depends upon 
the temperature and the nature of the crystal. As we shall see 
below (§ 55), experiment does not give great confidence in the 
applicability of these calculations to our problem. The struc- 
ture factor F’, since it depends upon the distances of the elec- 
trons from the middle of the atomic layers, will take account of 
the thermal displacements of the atoms, and in view of the un- 
certainties of the thermal calculations it is probably wiser to 
leave our expression for the reflected energy in its present form. 


53. Diffraction by an Irregular Crystal 


In order that a crystal may be so small that the absorption 
within the crystal is negligible, it must be too minute to reflect 
an X-ray beam of measurable intensity. To compare the re- 
sults of our calculation with experiment we must therefore con- 
sider the effect of such tiny crystals in large aggregations. Two 
cases are of importance, an imperfect crystal composed of such 
little crystals oriented at random over a range of angles so 
narrow as to retain many of the characteristics of a single crys- 
tal, and a wholly random composite of little crystals such as 
are used in experiments with powdered crystals. 


$4. Case of Transmission of Diffracted Rays 


Let us consider first the case of the diffraction of X-rays as 
they pass through an irregular crystal, as illustrated in Fig. 64.: 
We suppose that the phases of the yays from the component 
little crystals are random, so we can calculate the energy in the 
reflected beam by taking the sum of that reflected from each of 
the component crystals. If «is the absorption coefficient of the 
X-rays in the crystal, since the total path of the ray in the 
crystal before and after reflection is / sec 6, all the rays are re- 
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duced in intensity by the factor e~**s*°?, But the volume 
irradiated by the X-rays is 4A sec 0, where 4 is the area of the 
slit which limits the incident eon 
X-rays. The energy in the dif- Belated Mess 
fracted ray is thus given by et : 
equation (5. 16)) 

ae QAh sec og "see? ) 

Ni 
where J is the intensity of the 
rays as they pass through the 
slit, and Q is defined by equa- 


Fig. 6 

tion (5.16). This quantity is a maximum wucn 2 sev = I/p, 
that is when the crystal is thick enough to reduce the intensity 
of the transmitted rays to 1/e of that of the incident rays. 
The reflected energy is then given by 


Ve av 


where ¢ is the Napierian base. 

In performing the experiment one can more conveniently 
compare the energy in the diffracted beam with the energy per 
unit time, or power, of the rays which traverse the crystal. 
This transmitted power is 


P = TAe7 usec 8, 
Thus 
as Qh sec 0, (ya) 


gives the ratio of the energy /V in the diffracted ray to the power 
P in the transmitted ray, when the crystal is turned with an 
angular velocity, w. ' 


55. Case of Reflection of Diffracted Rays 


When X-rays are “ reflected’ from the face of a crystal, as 
in Fig. 65, they really enter to some depth z and are then dif- 
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fracted out again. The diffracted rays from a volume dV at this 
depth are reduced in intensity, due to absorption, by the factor 


—p-22 csc 80 


é 


The energy in the diffracted ray from a thick crystal is thus 
given by 
ce = of PECSCHIG2e ee 


where again 4 is the area of the slit limiting the incident 
beam. On integration this becomes, 


ees ae (5.19) 


On comparing this result with equation (5.17), we see that the 
energy reflected’ “fromeea 
crystal face is greater than the 
maximum energy obtained by 
the transmission method by a 
factor of ¢/2 = 1.36. 

In this case also one usually 
measures the intensity J of the Fic. 65. 
incident beam by determining 
the power P = AJ transmitted through the slit when the 
crystal is removed. We then have 


La ae (5. 20) 


‘ y) 


This represents the 
Fig. 61. 

It will be noticed that this expression involves the absorp- 
tion coefficient », whereas equation (5.18) does not. If, as is 
usually the case, the crystal is sufficiently regular to make the 
extinction due to reflection at the angle @ comparable with the 
ordinary absorption, the appropriate value of u is difficult to 
determine. Under such conditions equation (5.18) can be com- 
pared with experiment more reliably than can equation (5.20). 


“integrated reflection” as plotted in 
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56. Diffraction by Powdered Crystals 


A powdered crystal may be considered as an aggregation of 
very small crystals whose orientation is wholly random. 
Imagine that ON is the normal to a plane in the crystal of the 
type which gives a reflection maximum at the angle 6. It will 
be seen from Fig. 66 that the probability that this normal will 


Fic. 66. 


be so oriented that the glancing angle of incidence lies between 
6é+aandé+a+t dais 

Qn cos (6 + a)da 

4m 

since a is small compared with 6. If there are a number p of 
planes of this type in the crystal, e.g., for the (109) planes there 
are p = 6 cube faces, for (110), p = 12, for (111) p = 8, ete. 
(cf. p. 107, Table IV-2), the probability that some one plane 


will have this orientation is thus 


I 
= = cos Oda, 


3p cos bda. 
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even is the power diffracted by the crystal for a glancing angle 
of incidence @ + a (eq. §.12), the probable power diffracted for 


a random orientation is therefore 


P; - { P,-3p cos 0da. 


These integration limits can be used since the diffracting power 
is negligible except for small values of a. Substituting from 
equation (5.12) we have thus, 


P, = 2P COS ff { eidadsdr, 


which, by comparison with (5.13) and (5.14), becomes 
4 y2FP2)3 
7 ben Fx sV 


“mc sin 0 


yoy esa 
Py = 


On introducing the polarization factor }(1 + cos? 26) as before, 
we obtain! — 


P ite e+ J cos? 26 
ee ey al aS were me bV) 
iL 8 mc sin 6 
i 
ie pee = Q:3p cos 06V. (se 2a) 


The quantity P is the probable power diffracted in a cone of 
; semi-apex angle 20 (Fig. 66). If the rays are measured by an 

ionization chamber at a distance r with a slit of a length / 
which is short compared with ¢ sin 26, and if the width of the: 
slit 1s great enough to take in all the angles a at which any 

measurable power is diffracted, then the power entering the 
chamber is P; = P//2rrsin 26. Also, if 4 is the area of the 
slit limiting the primary beam, the power of this beam is P = 

AI. Thus the ratio of the power of the diffracted beam entering 
the ionization chamber to that of the primary beam is 


Dats i j = pleV 
PP onArsin 39 22? oY err sin 6 


(G22) 


This is the same as Darwin’s equation (10.4), Phil. Mag. 43, 827 (1922). 
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Probably the most satisfactory method of comparing the 
intensity of the primary rays and the rays diffracted by pow- 
dered crystals is that pictured in Fig. 64. The little crystals 
are molded into a plate of thickness 4, which is turned at half 
the angular rate of the ionization chamber, so that the absorp- 
tion is the same for the primary and the diffracted rays. In 
this case the total volume exposed to the X-rays is 4h sec 0. 
But there are interstices between the little crystals, so that the 
volume of the crystals traversed by the X-rays is 


/ 
Ah sec 6. Las 
p 


where p’ is the density of the crystalline mass, and p is the 
density of the individual crystals. Thus the ratio of the power 
of the rays scattered to the ionization chamber to the power of 
the primary rays that have traversed the crystal mass 1s 


‘ae pl p 
P a Oo ar sin 60 p lene, 
pie ex 
ee ae sin 20 ey) 


If we calculate in a similar manner the power of the rays 
reflected” from a thick plate of powdered crystals set as in 


Fig, 65, we find 


“e¢ 


Pp; P / p’ I 
P "16m ur p sin pee) 
In these expressions, p is the number of surfaces in a crystal 
of the type considered, /is the height of the slit of the ionization 
chamber, / is the thickness of the crystal mass, r is the dis- 
tance from the crystal mass to the ionization chamber, ’ 1s 
the density of the crystal mass, p is the density of the in- 
dividual crystals, Q is defined by equation (5.16), @ 1s the 
glancing angle of incidence of the X-rays on the crystal. 4 1s 
the absorption coefficient in the crystal mass. 
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3. MEASUREMENTS OF INTENSITY OF DIFFRACTED X-RAYS 


57. Measurements on Powdered Crystals 


In deriving these formulas for the reflected X-rays we have 
supposed that each of the component crystals is so small that 
the intensity of the incident rays is not appreciably reduced on 
traversing the crystal. We should expect this condition to be 
most nearly satisfied in the case of the diffraction by finely pow- 
dered crystals. Because, however, of the low intensity of the 
rays diffracted by powdered crystals, very few ionization 
measurements of their energy have been made. 

Bearden, working in the author’s laboratory, has neverthe- 
less recently succeeded in measuring the Ka line of molyb- 
denum after it has been diffracted by powdered crystals of rock- 
salt.1. The crystals were ground in a mortar to an impalpable 
powder, and were then molded into a thin flat plate. This 
plate was placed in the position of the crystal on a Bragg spec- 
trometer and were traversed by the X-rays in the manner 
indicated in Fig. 64. The rays incident upon the plate had 
been reflected from a crystal of rock-salt in order to separate 
out the molybdenum Ka line. The conditions were thus those 
assumed in deriving equation (5.23). The ratio P;/P was 
measured by opening the slit until all the rays diffracted near 
an angle @ were received into the ionization chamber. The 
measurement then consisted in observing the ratio of the 
power received by the chamber at 26 to that received by the 
chamber at the angle zero. 

For the first order spectrum from the Ioo planes of the 
powdered rock-salt crystals, the ratio P;/P was found in a 
typical case to be 3.01 X 1074, and for the second order, 0.324 
Xx 10-4. When these values of P;/P are introduced into equa- 
tion (5.23) they give as the corresponding values of Q, .0232 
cm.~! and .0045 cm. respectively. On substituting in equa- 
tion (5.16), the corresponding values of the structure factor F 


* J. A. Bearden, Phys. Rev. 27, 796 1926. This measurement is much more precise 
than an earlier one by Freeman and the author, Nature, 110, 38 (1922). 


MEASUREMENTS ON SINGLE CRYSTALS 133 


are found to be (for the molecule of NaCl) 20.4 for the first order 
and 13.2 for the second order reflection. This means that in the 
first order the power in the diffracted beam is what it should be 
if there were 20.4 electrons at the centers of the sodium and 
chlorine atoms. Since the sum of the atomic numbers is 28, 
and since the contribution of each electron to the amplitude of 
the diffracted beam is necessarily somewhat less than if it were 
at the center of the atom, this result is in good accord with the 
predictions of the theory. 


58. Measurements on Single Crystals 


A greater number of experiments have been performed on 
the reflection of X-rays by single crystals of rock-salt. If such 
a crystal were perfect it is clear that we could not apply to it 
the theory based upon the assumption that the extinction due 
to reflection is negligible. But it is found by trial that the 
reflection from a rock-salt crystal is spread over an angle of 
about half a degree, and within this range of angles reflects only 
a small fraction (about 5 per cent) of the incident energy in the 
first order from the (100) planes. 

The absolute reflecting power must be measured using 
mono-chromatic X-rays incident upon the crystals. Otherwise, 
when the chamber is turned to receive the direct rays, not all of 
the rays which enter are of the wave-length which is reflected. 
A suitable arrangement for measuring the absolute reflecting 
power is that shown in Fig.67. The measurement may be made 
by observing the total ionization as the chamber and crystal are 
moved at a uniform angular velocity w past the spectrum line, 
and this is compared with the ionization per second at zero 
angle when the crystal is removed. Thus we obtain the in- 
tegrated reflection Ww/P, which is given theoretically by 
formulas (5.18) and (5.20). 

By this method the author,! using a wave-length of .710A, 
has found the value of Ww/P for the first order reflection from 
a cleavage face of rock-salt to be 4.0 X 10-4, and W. L. Bragg 


1 A, H. Compton, Phys. Rev. 10, 95 (1917). 
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and his collaborators ! have found 5.5 X 10-4 for \ = .613A. 
These values correspond to values of the structure factor, 
(Fa + Fya) equal to 16.0 and 16.5 respectively, if calculated 
using the ordinary values of the absorption coefficient. The 
fact that these values are appreciably less than the value F = 
20.4 found by the powder method indicates that the conditions 
of the experiments with the solid crystals are not exactly those 
assumed in developing the theory. 


S3 
=a Ionization 
Chamber 


Fic. 67. 


When a similar experiment 1s tried using a crystal of calcite,? 
W w/P is found in a typical case to. be 8.7 X 1075 for \ = 0.71A, 
which, using the usual absorption coefficient 23.5 cm.~', corre- 
sponds to a value of the structure factor per molecule of about 
11. This is so much smaller than the sum 50 of the atomic 
numbers in the CaCO 3 molecule that one becomes very doubtful 
of the applicability of the formulas we have developed. 


Sg. Effects of Extinction 


That this doubt is justified may be shown in at least three 
different ways. 1. Experiments by Davis and Stempel ® have 
shown that at the angle of maximum reflection from a cleavage 
face of calcite almost half of the incident X-rays may be re- 


1W. L. Bragg, James and Bosanquet, Phil. Mag. 41, 309 (1921), 42, 1 (1921). 
2 A. H. Compton, loc. cit. 


* B. Davis and W. M. Stempel, Phys. Rev. 17, 608 (1921). 
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flected. It is obvious that this cannot occur without extin- 
guishing the beam entering the crystal more rapidly than would 
be the case if the usual absorption alone were effective. 2. 
That such an additional extinction does occur in some cases 
has been shown by W. H. Bragg! by studying the intensity of 
the X-rays transmitted by a thin diamond crystal as it is 
rotated through an angle at which strong reflection occurs. He 
finds that when the crystal is at the angle for maximum reflec- 
tion, the intensity of the transmitted beam is considerably less 
than for other angles. And 3, the fact that the reflecting power 
of a crystal depends upon its degree of perfection is obvious 
from the fact that a freshly cleaved crystal surface does not 
give as great integrated reflection Ww/P as does the same sur- 
face when ground.? The obvious interpretation of this fact is 
that during the process of grinding the portion of the crystal 
near the surface is broken into small parts which may be 
oriented at slightly different angles and which may be slightly 
offset, destroying the regular phase relations that hold for a- 
perfect crystal. The effect of introducing these faults into the 
crystal is to reduce the extinction of the rays as they enter, so 

that a larger volume of the crystal is effective in reflecting the 

X-rays. Thus the poorer crystal gives the greater integrated 

reflection. 


60. Determination of the Extinction Coefficient 


Though these extinction effects are much more prominent 
in the case of calcite than for rock-salt, it is obvious that they 
must occur also to some extent with the latter crystal. In order 
to determine the importance of this effect in the case of rock- 
salt, W. L. Bragg, James and Bosanquet have measured the 
integrated reflection by the transmission method (Fig. 64) of 
rock-salt crystals of different thicknesses. It will be seen from 


1W.H. Bragg, Phil. Mag. 27, 881 (1914). 

2 B.g., A. H. Compton, loc. cit., and Bragg and Bragg, X-Rays and Crystal Struc- 
ture (1924), p. 219, who record a rock-salt crystal whose cleavage surface reflected 
only 12.9 per cent as much as did a ground surface. 
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the discussion on page 7 that if the length of the path of the 
X-rays in the crystal is ¢, ; e 


os = lees, (5.25) 


where P, = AI is the power of the rays incident upon the 
crystal. An alternative form of this expression 1s 
log in = log Q — wut. Coe26) 
’ Ww. 
Thus if log ps plotted as a functionof¢, we should get straight 
4 
lines whose slope is — » and which intersect the axis ¢ = 0 at 


log Q. 
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Fic. 68. 


In Fig. 68 is shown such a graph, with points representing 
reflections by crystals varying in thickness from .25 mm. to 
2.6mm. The curves represent data for the first, second and 
third order reflections from the (100) planes (100, 200 and 300), 
and the first order from the (110) plane. As will be seen from 
Table V—-1, the slope of the (100) curve represents an absorption 


ree 
a&C 
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coefficient of 16.30, whereas the normal absorption coefficient 
of these rays (A = .613A) in rock-salt is 10.70. 


TABLE YV-1 
REFLECTION AND ABSORPTION OF X-Rays By Rock-sALT 


(Bragg, James and Bosanquet) 


: Effective Absorption|Extinction Coefficient Befoctng Eower 
Reflection : Ww /Pt 
Coefficient pu €=4— po : ; 
Arbitrary’ Units 
(100) 16.30 5.60 100 
(110) 13.60 2.90 Re). 5 
(200) 12.66 1.96 19.90 
(300) 10.72 .02 4.87 


Normal absorption coefficient, 10.70. 


Thus the value of the extinction coefficient is 5.60. For reflec-_ 
tions of higher index than (300), these measurements indicate 
that the extinction is negligible. For the lower order reflections, 
it would seem that the formulas we have developed above can 
be applied if instead of the usual absorption coefficient we use 
instead the effective absorption coefficient, which includes the 
extinction coefficient. 


‘ 


61. Experimental Values of the Structure Factor 


Using this effective absorption coefficient in equation (5.20), 
and solving for the structure factor by equation (5.16) we find, 
corresponding to Bragg’s value of Ww/P = §.5 X 10-4, Fa + 
Fo = 20.4. Similarly, for the (200) reflection (second order 
from 100 planes), Bragg finds, Ww/P = 1.09 X 10 and be, = 
12.66, whence Fy, + Po = 11.4. The close agreement between 
these values of F and the values 20.4 and 13.2 for the (100) and 
the (200) reflections using the powder method, shows the 
effectiveness of this method of correcting for the extinction. 

In the case of rock-salt, we have seen in the last chapter that 
when X-rays are reflected from the (100) and the (110) planes 
or from the even orders of the (111) planes, the sodium and 
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chlorine atoms co-operate in their scattering, that is, the ampli- 
tude due to a molecule of NaCl is the swm of the amplitudes due 
to the individual atoms. For odd order reflection from planes 
such as (111), where there are alternate layers of sodium and 
chlorine atoms, however, the amplitude due to a molecule of 


NaCl is the difference between the amplitudes. due to the 
chlorine and sodium atoms. When we calculate the structure 
factor per NaCl molecule we thus get in the former case Fy, + 
Fq and in the latter case Fo. — Fxa. These values of F, as based 
on the data of Bragg, James and Bosanquet are shown as curves 
I and II in Fig. 69, plotted as functions of sin 6. 

The tact that the various values of Fas thus determined lie 
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on smooth curves, even though they are based on measurements 
of reflections from planes with many different orientations, indi- 
cates that the sodium and chlorine atoms have practically 
spherical | symmetry. This isotropic character of the atoms en- 
ables us to estimate the structure factor of the individual atoms 
at each angle. For taking at any particular angle the appro- 
priate values of Fa + Nya and of Fea — Fy, from the curves I 
and II, we have at once, 


Fa as {Fa =e Fxa) Ss (Fa ~~ Fra) } 
Fya = 3{ (Fo el na) = (Fo = Figo) } 


The structure factors thus calculated for the individual atoms 
are given in curves III and IV. 


and 


4. REFLECTION BY PERFECT CRYSTALS, AND THE EFFECT OF 
EXTINCTION 


62. Difference between Reflection from Perfect and Imperfect 
Crystals 


Before we undertake to determine the electronic arrange- 
ment corresponding to the structure factors determined in the 
manner just described, let us consider the problem of X-ray 
reflection on the assumption that the crystals which we use are 
approximately perfect. In this case the extinction of the rays 
due to reflection from the surface layers is of much more im- 
portance than the ordinary absorption. It may be noted that 
since the rays reflected from successive layers of atoms are in 
phase with each other, the ‘‘ wave of reorganization,” proceed- 
ing from the upper layers 1 in the direction of the incident beam 
and exactly opposite in phase, is much more effective in extin- 
guishing the incident rays than we should suppose if we were to 
consider separately the energy reflected from each layer in turn. 
The result is that for a perfect crystal, the depth in the crystal 
that is effective in scattering the X-rays is very small indeed. 

That this must be the case was made obvious by Darwin,! 

1C, G. Darwin, Phil. Mag. 27, 325 (1914). 
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when he showed that a calculation such as we have carried out 
above, if applied to a perfect crystal, predicts near the angle of 
maximum reflection a reflection of many times as much energy 
as is incident upon the crystal. The principle of the conserva- 
tion of energy thus demands that the thickness of the layer 
effective in reflection shall be much smaller than if it were deter- 
mined by the ordinary absorption of the X-rays in the crystal. 


63. Theory of Reftection from a Perfect Crystal 


If near the angle of maximum reflection we neglect the 
normal absorption in comparison with the extinction, Darwin } 
and independently though much later Ewald 2? have shown that 
a perfect crystal should reflect all of the rays incident upon it 
within a certain range of glancing angles, as is illustrated in 
Fig. 70. If the incident rays are polarized in the plane of re- 


© Reflection Coefficrent— 


FIG. 70. 


flection, and if the electrons were all in the midplanes of their 
atomic layers (F = Z), the region of complete reflection should 


1C. G. Darwin, Phil. Mag. 27, 675 (1914). 

2 P. P. Ewald, Phys. Zeits. 26, 29 (1925). When Ewald alludes to the naive theories 
of the earlier investigators he is apparently unaware that the theory he develops had 
been worked out more completely eleven years before by Darwin, who recognized its 
inadequacy. ; 

5 The shift of the angle of maximum reflection from 09 to 09 + 440 may be con- 
sidered as an effect of refraction. It is indentical with the departure from Bragg’s 
law discussed in Chapter VII. 
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extend from 6, (defined by m\ = 2D sin 6,) to 6, + Ad,.2 The 
range of angles for complete reflection in this case is 


anZ e i I 
rT mv — yp” sin 260 


AG, = (5.27) 
Here 7 is the number of atoms per unit volume, » is the fre- 
quency of the X-rays and », the natural frequency of the elec- 
trons. Since the crystals usually used are composed only of 
light atoms, it is evident from our discussion of the scattering of 
X-rays that »,? is very small compared with »? for all the elec- 
trons which contribute to the scattering. This may therefore 
be written, since »v = c/n, 


anZe?r2—iI 


Nia -; x 
¥ amc? sin 20 


(5.28) 


In addition to the energy in the region Ao where the reflec- 
tion is complete, there is also appreciable reflection in the neigh- 
boring region where the intensity is falling gradually to zero. 
Darwin shows that when the reflection in the latter region is 
included the effect is the same as if there were complete reflec- 
tion over an angular range of 4 Ado. 

When the structure factor is less than Z, and when the in- 
cident rays are unpolarized, the center of the reflected line re- 
mains in the same position, but the region over which complete 
reflection occurs is not so broad. When the electric vector is 
perpendicular to the plane of reflection, the range of complete 
reflection is A@/’/Z, whereas when the electric vector is in the 
plane of reflection the range is A@,/' cos (20)/Z. Thus for the 
effective range of complete reflection for unpolarized rays 


8 5 ¢7) i+ cos 20 
30 mc? 2 sin 26 


= 4 nF cot 4. (5.282) 
30 mc~ 


The reflection of:such unpolarized rays by a perfect crystal is 
represented in Fig. 70 by the solid line. 
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If the crystal is turned with angular velocity » past the 
region of reflection of the wave-length , the rays will be inci- 
dent between 6 and 6 + Aé for a time A@/w. Since in effect the 
reflection over this range is complete, the energy reflected during 
this interval is 


W = PA6/a, 
where P is the power of the beam striking the crystal. Thus 
Ae Dotan sek Sy ya 
— oie AG = ne Be Cot: (eo) 


64. Comparison with Experiment 


In the case of calcite, we have seen (p. 134) that the value of 
Ww/P for a certain cleavage face, was 8.7 X 10-5 for \ = 
o.71A. If in equation (5.29) we place P= Z, that is, if all 
the electrons were at the middle of the diffracting layers, an 
assumption which gives the maximum possible reflection on 
this theory, we find Ww/P = 4.1 X 1075, less than half of the 
experimental value. The fact that the theoretical and the ex- 
perimental values are of the same order of magnitude may be 
taken to indicate that calcite approaches the characteristics of 
a perfect crystal. But the fact that the observed reflection is 
definitely greater than is thus calculated can only mean that 
calcite does not actually attain this standard. 

Other experiments in this connection which may be com- 
pared with Darwin’s theory for a perfect crystal are those of 
Davis and Stempel,! in which they have measured the fraction 
of the X-rays reflected from a crystal when the rays strike at a 
definite angle near that for maximum reflection. Their appara- 
tus is similar to that shown in Fig. 67. The first crystal, cal- 
cite in their experiments, served to collimate the rays, so that if 
the face of the second crystal was parallel to the first the rays 
struck the second at the angle for maximum reflection. The best 
reflection from the second crystal was obtained when a good 
calcite crystal was cleaved and the two halves were used for the 


1B. Davis and W. M. Stempel, Phys. Rev. 17, 608 (1921). 
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collimating and reflecting crystals. Under these conditions they 
observed a maximum reflection coefficient as great as 44 per 
cent with the second crystal at the best angle. This is to be 
compared with the 100 per cent, or complete reflection pre- 
dicted by the theory. The angular breadth of the reflected 
band, measuring to where the intensity is reduced to half of its 
maximum value, is in Davis and Stempel’s experiments 18 
seconds of arc when \ = .68A, which may be compared with 
Darwin’s prediction that A@é = 5.8 seconds, though there is no 
reason to suppose that the two angles should be exactly the 
same. We may draw the conclusion from these experiments 
also that, although a crystal of calcite may approach perfection, 
it is yet too far from perfect for us to apply to its reflection the 
theory for a perfect crystal. 

Since calcite is one of the most nearly perfect crystals which 
we have to study, there thus seems little hope of being able to 
apply the theory for a perfect crystal strictly to any real crystal. 
On the other hand, we have seen that the theory for an irregular 
crystal is not strictly applicable even to a crystal as imperfect 
as rock-salt—much less to calcite. For real crystals, therefore, 
we may expect to find reflection occurring in a manner which 1s 
intermediate between that described by equation (5.20) and 
that described by (5.29). 


65. Effect of Extinction in Real Crystals 


It is clear from this discussion that it 1s hopeless to try to 
find a crystal so nearly perfect that we can apply to it with 
confidence the formulas for reflection from a perfect crystal. If 
we are to succeed in our efforts toward determining the distri- 
bution of the electrons, we must therefore look for irregular crys- 
tals, to which we can apply the other set of formulas. But 
what degree of imperfection must a crystal have in order that 
we may consider it irregular? This question has recently been 
examined in detail by Darwin.' He distinguishes two types of 
extinction, “ primary” extinction, which occurs within each 


1C, G. Darwin, Phil. Mag. 43, 800 (1922). 
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little block that acts like a perfect crystal, and secondary ex- 
tinction, which represents the shielding of the blocks deep in 
the crystal by the reflection of the X-rays from the blocks near 
the surface. If both types of extinction can be made negligible 
the crystal mass may be classed as what we have called an 
irregular crystal. 

Regarding the primary extinction, at the angle of maximum 
reflection from the (100) face of a perfect rock-salt crystal, 
under the conditions of Bragg, James and Bosanquet’s experi- 
ments, this is about 140 times as effective as the ordinary 
absorption coefficient. If the crystal has a thickness of m layers 
of atoms, Darwin finds that the correction to the reflecting 
power Ww/P due to the primary extinction can be made to a 
close approximation by multiplying the values given by equa- 


tions (5.16), (5.18) and (5.20) by the factor 


tanh mg 
mg 5) (5 30) 
e2 
where Qs nD Escig) (Gesu) 


D being the distance between the atomic layers, and m the 
number of atoms per unit volume. In applying this correction, 
however, the difficulty arises that there is no satisfactory 
method for determining m, the number of atomic layers in 
each effectively perfect block.1 

Estimates of the extinction coefficient by determining the 
effective absorption of the X-rays in the crystal, as Bragg and 
his collaborators have done for rock-salt, give only the second- 
ary extinction coefficient. The primary extinction in each little 
perfect block of the crystal struck by X-rays at just the right 
angle might be almost complete, yet the average extinction co- 


1 Darwin discusses a possible method of finding this correction by a study of the 
form of the reflection curve for different angles of incidence (@ + a). He considers it 
doubtful, however, whether application of the method to a real crystal is practicable. 
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eficient might be low because only a few of the blocks were 
properly oriented. The maximum value of the primary extinc- 
tion coefficient is according to Darwin émax, = 2”Fde2/mc?. 
Since F decreases with increasing 6, the extinction is most im- 
portant for small angles or low orders of reflection. For the 
(100) reflection of \ .683A from rock-salt, énax, = 1500. That 
is, if we wish to limit the primary extinction to 1 per cent, the 
linear dimensions of each perfect block must be less than .o1/ 
1500 = 7 X 107% cm., or only about 250 atomic layers. Thus 
in order to be certain that the results are unaffected by primary 
extinction, we should have to pulverize the crystals until the 
individual pieces are barely visible with the high power micro- 
scope. 

It is probable, however, that in many cases the primary 
extinction is negligible even for crystals of large size. For on 
a visible scale we find that rock-salt crystals have their surfaces 
twisted and bent, and if this is also true on a microscopic scale 
the phase differences between successive atomic layers must be 
irregular except for very small thickness of the crystal. More- 
over, since we have seen that grinding and polishing makes a 
crystal face less perfect for an appreciable depth below the sur- 
face, it is probable that if a crystal is ground into units of a 
given size the parts of each unit that are sensibly perfect are 
much smaller than the units themselves. 

The problem of the secondary extinction is not so difficult. 
Even this, however, is not quite as simple as we have supposed 
when we have attempted to correct for the mutual effect of the 
different layers by adding an “ extinction coefficient” to the 
normal absorption coefficient. In making this correction we 
take into account the reduction in intensity at the lower layers 
due to reflection of part of the X-rays by the upper layers. But 
we neglect the additional effect on the upper layers of the partial 
reflection of the X-rays by the lower layers. Even in the case of 
rock-salt under the conditions of Bragg’s experiments about 5 
per cent of the X-ray intensity at the crystal surface when 
oriented near the angle 0 is due to rays reflected from within the 
crystal. The effect of this is to make the reflected beam slightly 
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more intense that it would be if the extinction alone were 
considered.1 

It can be shown that this tertiary radiation effect 1s more 
important for thick crystals than for thin ones. Experimental 
curves such as those shown in Fig. 68 should for this reason 
tend to be slightly concave upwards. The fact that they are 
sensibly straight may be taken to indicate that in the case of 
rock-salt the tertiary reflection is not important. Even had the 
experimental curve been concave, it is clear that the intersection 
of the curve with the axis ¢ = 0 would give log Q. Thus the slope 
of a straight line drawn from this intersection to meet the 
experimental curve at about ¢ = 1/ would give an effective 
absorption coefficient that would enable us to calculate Q very 
closely from the observed value of Ww/P. The method used 
by Bragg for estimating the effect of the secondary extinction 
thus seems to be adequate. 


66. Criteria for Detecting Primary Extinction 


There are at least three ways of testing whether it is per- 
missible to neglect the effect of primary extinction in a set of 
experiments such as those of Bragg, James and Bosanquet. 
1. If two samples of the crystal which differ widely in the per- 
fection of their structure give the same value of Q, presumably 
the primary extinction is unimportant. 2. A test of the same 
kind might be made comparing the value of Q obtained using a 
large conglomerate crystal with that obtained using finely pul- 
verized crystals. 3. We have seen that if primary extinction is 
the important factor in determining the penetration into the 
crystal, the reflecting power /V’w/P should be proportional to 
F, whereas if the primary extinction is negligible /w/P should 
be proportional to F?. In a crystalline compound such as 
NaCl, where by comparing the reflections from different planes 
it is possible to distinguish the reflections from the different 
atoms, we can tell to which factor the reflection is proportional. 

’ Darwin gives a somewhat detailed discussion of this matter in his 1922 paper. It 


is also considered mathematically from certain aspects by K. W. Lamson, Phys. Rev. 
27, 624 (1921). 
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Bragg, James and Bosanquet found about the same values 
of Q for a considerable number of different crystals which were 
sufficiently imperfect, thus satisfying the first test. 

We have seen that the value of Q measured by Bearden for 
powdered crystals is identical with that of Bragg, James and 
Bosanquet for the (100) reflection. Both Havighurst! and 
Bearden have failed to find any difference in the intensity of the 
reflection from powdered NaCl crystals according to the fineness 
of grinding. This indicates that no effect of primary extinction 
is present with the powdered crystals. Thus it seems also that 
Bragg and his collaborators have succeeded in correcting for the 
extinction with the solid crystals of rock-salt. 

For the (200) and (300) reflections Bearden’s values of F' ob- 
tained from powdered crystals are larger than those of Bragg, 
by an amount that seems to be greater than the experimental 
error. This would indicate that for these reflections the correc- 
tion made for the extinction coefficient with the single crystals 
is somewhat too small. Havighurst, also using powdered crys- 
tals, has however obtained results agreeing with those of 
Bragg. 

The third test supplies the answer to a riddle which has long 
been a source of confusion. In the case of rock-salt we have 
seen that in separating the effects of the sodium and chlorine 
atoms we get consistent results if we assume that the amplitude 
is proportional to F and the intensity Ff. This satisfies our 
test for the absence of primary extinction. But in order to 
interpret the spectra obtained from calcite, W. H. Bragg ? has 
shown that one must assume that the intensity rather than 
the amplitude of the reflected ray is proportional to the 
atomic number. Bragg wrote me in 1916 that some of his 
results point one way and some the other. We now see that it 
is the degree of perfection of the crystal which determines 
whether the intensity is more nearly porportional to F or to F?.3 


1R. J. Havighurst, Phys. Rev. (1926). 

2 W. H. Bragg, Phil. Trans. Roy. Soc. A., 215, 253 (1915). 

3 A paper by B. W. James has recently appeared (Proc. Roy. Soc. A. 109, 614, 1925) 
in which this criterion for distinguishing between perfect and imperfect crystals is 
developed in detail. See also W. L. Bragg, Phil. Mag. 50, 306 (1925). 
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We may thus rest assured that in these experiments on rock- 
salt the primary extinction is of little if any importance, while 
the method of allowing for secondary extinction seems to be 
adequate. The values of the structure factor F calculated from 
these measurements can thus be used tentatively as the basis 
for calculating the distribution of the electrons within the 


atoms. 


5. THE DETERMINATION OF ELECTRONIC DISTRIBUTIONS FROM 
A KNOWLEDGE OF THE STRUCTURE FACTOR 


67. Three Methods of Calculating the Electron Distribution 


We are now prepared to undertake the interesting and 1m- 
portant problem of finding what arrangement of electrons will 
account for the experimental values of F. Three methods of 
attacking this problem have been used. These are a method 
of trial, the use of an empirical reflection formula, and an 
application of Fourier’s series. 


68. Method of Trial 


In the method of trial,2 one assumes various arbitrary 
values of p(z) in the expression for the structure factor, 


D/2 “ 
f= Z| p(z) cos (42 sin a)a. (5.07) 
= D/2 IN 
It can readily be shown that if there is a group of electrons 


arranged at random on the surface of a spherical shell of radius 
r, then for each of these electrons 


plz) = 1/27, (5.34) 


between the limits — r and r. The value of F for a shell of m 


electrons is thus 
\ 


: sin (4x sin a) 
mf eitece ( Be rait a) =m Pat ) 
oe nL ON iP 5-35 


— sin 0 
4m 


1 A. H. Compton, Phys. Rev. 9, 49 (1917). 
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Thus for an atom composed of a number p of such electronic 
shells the structure factor is 


Pp 
Veet ZIM, sin (ane sin 0) /(4rcsin a). (5.36) 


When this method is applied with care, it gives results which 
are perhaps as reliable as those obtained by the more direct 
method of Fourier series. 

Bragg, James and Bosanquet have used this method in 
analyzing their data for the intensity of reflection by rock- 
salt. From an exhaustive study of the various possibilities, 
they find the best agreement with the experimental values } 
of F when the distribution of electrons on shells is as follows: 


Sodium, 7 electrons on a shell of radius 0.29A 
3 electrons on a shell of radius 0.76A 
Chlorine, 10 electrons on a shell of radius 0.25A 
5 electrons on a shell of radius 086A 
3 electrons on a shell of radius 1.76A 


Bragg and his collaborators 
have found, however, using a & 
method similar to that described 
in section 70, that a better < 
agreement with the experimental 
data can be obtained assuming 
a continuous distribution of the 
electrons. The most satisfactory 
agreement with the experimental 


Elecirons 


: : DV i Se Se te 
data was obtained with the elec- Angstréms from center 
tron distribution shown in Figs. Fic. 71 
wi and-72. 


69. Use of Empirical Reflection Formula 


The second method of solution consists in finding an em- 
pirical formula, such as expression (5.01), which represents the 


1Tn the work of Bragg, James and Bosanquet the factor F was corrected for the 
effect of the thermal agitation. 
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experimental data, and equating this expression to the appro- 
priate formula which gives the theoretical intensity in terms of 
the structure factor. Thus we may place expressions (5.01) 
and (5.20) equal to each other, obtaining 

Su mct 


eee Ce cote: C7) 


n 2 3 e* 


F? = 


The factor e~?%"’* was introduced into the empirical formula 
from theoretical considerations to take account of the thermal 
agitation of the molecules (cf. infra, p. 159). Dropping this 


Electrons per Angstrém 


Ss 


2 4 IR 14 16 EF 


“CMS aC 
Angstroms frem center 


Fic. 72. 


~ 


factor is merely equivalent to correcting F? for the temperature 
agitation. In any case it differs only slightly from unity. If 
we make the further approximation that cot @ = csc 6, since in 
the experiments @ is never large, we may write from (5.37), 


- = ( p@) cos (are sin 6) dz = K csc 6. (5.38) 


The only solution of this integral equation which satisfies the 
physical conditions is ! 

p(s) = bz". (5.39) 
This corresponds to a distribution of electrons about each atom 
for which the number of electrons in a spherical shell between a 
distance r and r +dr from the center of the atom is propor- 


tional fo.t/7~. 
1A. H. Compton, loc. cit. 
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Such a solution is of little value, since it implies an atom 
with an infinite radius. It is interesting to note, however, that 
the greater part of Bragg’s curve for chlorine is represented by 
a curve very similar to the graph of 1/r” (Fig. 72). 


70. Method of Fourier Series 


By far the most satisfactory method of determining the 
electron distribution from the observed values of F is by an 
application of a form of Fourier analysis. This method was 
used first by W. H. Bragg,’ though in a manner unsuited to 
give accurate results. It has recently been put in a very usable 
form by Duane,? and has been applied with valuable results by 
Havighurst.3 

Let us first write the expression for the structure factor in a 
slightly different form. In most of this chapter we have 
assumed that we are dealing with a crystal made of similar 
atoms arranged on a simple cubic lattice. We can, if we wish, 
refer any cubic crystal to a simple cubic lattice of points all of 
which are identical. Thus for rock-salt, the lattice constant 
would be a = 2Dio00, where Doo is the distance between succes- 
sive layers of atoms in the Ioo planes, and there would thus be 
4 Na atoms and 4 Clatoms associated with each point in the 
lattice. / may now be used to represent the structure factor 
for this lattice unit. Considering for the present only reflections 
from the (100) planes we then have 


a/2 
FeHZ p(%) cos (4n= sin 0) ds 


—a/2 


where Z is now the total number of electrons in the lattice unit. 
Since 2 = 2a sin 6, where 7 is the order considering the grating 


1W. H. Bragg, Phil. Trans. Roy. Soc. 215, 253 (1915). 

2 W. Duane, Proc. Nat. Acad. Sci. 11, 489 (1925). Duane’s method of treating the 
problem is entirely different from that used here, being based on a quantum theory of 
diffraction. He arrives, however, at identically the same result as eq. 5.48. 

3R. J. Havighurst, Proc. Nat. Acad. Sci. 11, 502 (1925). 
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oes z 
space to be a, 4m sin @ = 20H, whence, 


a/2 
2S al p(z) cos (ann) az (5.40) 


—a/2 


is the value of the structure factor for the mth order. 


71. Electron Density at Any Height Above the Middle of an 
Atomic Layer 


Let us now express the number of electrons per unit 
height, Zp(z), as a Fourier cosine series, thus: 


P = Zp(z) = Ao + Ay cos 2n= + Aa cos 4r— +... 
+ 4,, cos aan +... (5.41) 


% z 
= 2,4, cos |2ar—). 
a 


Oo 
The structure factor then becomes: 
@/2 z z 
= a7 ACos (2x72) cos (2xn2)dz. 
—a/2 0 a a 


On integration it is found that every term vanishes except that 
for which r = 7, so that 


a/2 x 
f= Ay, COS? (2x7 “de 
—a/2 a 
= aie 
Thus 
2 


The experimental determinations of F, carry with them there- 
fore determinations of the coefficients of the terms in the 
Fourier expression ($—41) for the density of distribution of 
electrons. 
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It is clear that the same procedure may be followed for 
planes of any index. The results are especially instructive in 
the case of (111) planes, since in this case for rock-salt we deal 
with alternate layers of sodium and chlorine atoms. The only 
necessary modification of equations (5-41) and (5-42) is to let 
a represent the distance between the (111) planes of the space 
lattice. 

An illustration of a calculation of this type is given in 
Fig. 73. Here the light lines represent the individual terms 


2 z 
—F cos 24n-» 
a a 


np 
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where 411 = 28148 = G947A, and the values of Pare 
3 


those of Fii1, Fo22,..., per NaCl molecule as measured by 
Bragg, James and Bosanquet, uncorrected for the temperature. 
The heavy line represents 

2% z 

— > F, cos 24n-> 

Gy a 
and therefore represents the value of P given by equation 


(5-41) except for the constant term 4. 
The value of this constant term can be evaluated from 


equation (5-41) from the fact that 


a/2 
plzjdz = 1. 


—a/2 
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But by-(s=41)5 


a/2 Ao ey a/2 
plzjadz = Ad + 3, f cos or dt, 


—a/2 1 —a/2 
or 
i 5c +0, 
whence,! 
A, = Z/a. (5.43) 


The number of electrons in an elementary cube between the 
heights z and z — dz from the middle of an atomic layer can 
thus be calculated from the expression 


ZL 2 z 
Pp = - + 2 Fs COS (2mn“); (5.4324) 


where 7 is the order of reflection from planes whose spacing 1s a. 

In the case under consideration, for a molecule of NaCl Z = 
28, and 4o = 28/3.243 = 8.63, if z is measured in Angstréms. 
In Fig. 73, this value of A, 1s represented by the height from 
the heavy base line to the light base line used for constructing 
the component curves. The density of distribution of the elec- 
trons at a distance z from the mid-plane of a (111) layer of 
chlorine atoms is thus proportional to the height P of the 
heavy curve of this figure. 

It will be noticed that midway between the large humps at 
z/D =0, 1, ..., appear smaller humps. These of course repre- 
sent the layers of sodium atoms between the layers of chlorine 
atoms. In this method of analysis the existence of such alter- 
nate layers of atoms is not assumed, but follows from the 
observed values of F for the different orders. The fact that in 
between the successive atomic layers the electron density does 


1Tf the Fourier series 5-41 is taken from r = — © to r = +0 instead of from 
© to ©, we have instead of equation 5-42, 4n = Fn/a. Since for n = 0, F = Z, it 
follows at once that 49 = Z/a, which is equation 5-43. Though this brings out more 
clearly the relations between 4, F and Z, the series used in the text has the practical 
advantage of having only half as many terms. 
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not fall to zero means that the outer parts of the sodium 
and chlorine atoms overlap each other. 

In order from this figure to make an estimate of the relative 
number of electrons in the alternate atomic layers, it is neces- 
sary to try to resolve the heavy curve representing the sum of 
the electrons in both kinds of atoms into two curves, each repre- 
-senting the electrons in atoms of one kind. Such a resolution is 
indicated by the broken lines, in which the area under the two 
curves as measured by a planimeter is in the ratio of 1.80 : I.00. 
This is the ratio 18/10 = 1.8 to be expected if the valence elec- 
tron of sodium has been transferred to chlorine. Though a dif- 
ferent resolution might be effected, giving the ratio 17/11 = 
1.54 corresponding to the complete atoms in each layer, we 
may thus assume provisionally that the atoms are in the form 
of ions, a conclusion reached by Bragg and his collaborators 
from these data following a different line of argument. 
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FIG. 74. 


In order that the adjacent atomic layers shall not overlap as 
in Fig. 73, we must consider planes in which successive layers 
are farther apart. Thus if we calculate in the manner just de- 
scribed the electron distribution for the (100) planes, using the 
experimental values of Fa given in curve III of Fig. 69, we 
find the values of P for the chlorine atoms shown in Fig. 74. 
It will be seen that the planes are even in this case not far 
enough apart to prevent some overlapping. 

This difficulty can however be overcome by calculating the 
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distribution for planes so far apart that overlapping of the 
successive layers of atoms is impossible.! Thus Figs. 75 and 
76 represent the distributions P in layers of chlorine and so- 
dium atoms respectively calculated for a grating space of 
6.134.2 Of course planes with such a grating space do not 
exist in a crystal of rock-salt, but if they were present the 
appropriate values of F' should be given by the curves of Fig. 
5-og. The values of F' that have been used in calculating Figs. 
75 and 76 are as follows: 


TABLE YV-2 
Order Fp Fp Order Fn Fn 
(D = 6.13A) Cl Na (D = 6.13A) Cl Na 
I 16.31 9.59 9 2.50 gi 
2 Wy 8.20 10 1.86 44 
8 g.10 6.65 II TS 14 
+ Ue 4.99 2. 92 04 
5 5.84 | 3.64 reap 53 ° 

6 4275) Medes "| 14 24 

7 3.85 2.00 15 .05 

8 Rie 1.42 16 006 
SOR eC UA ARNT Lesion seg Ao 2.94 1.63 


The values of F from order 2 to order to are read directly 
from the experimental portion of curves III and IV of Fig. 69. 


1 The logical extension of this method would be to calculate the distribution for an 
infinite grating space. In this case the Fourier series (5.41) becomes a Fourier integral, 


[o0) 
IPs af F,, cos (27zx)dx, (5.434) 
oO 


where x = (2 sin 0)/d, and Fzis the value of F taken from curves such as those of Fig. 
5.09 but plotted against x instead of sin @. The evaluation of this integral for various 
values of z can be performed graphically, but the process is laborious. The result is 
also probably less reliable than that obtained by evaluating a series as is done here, 
both because of the inaccuracies of graphical integration and because knowledge is 
assumed of the form of the extrapolated portion of the F curve, which is not used in 
the series method. 

* For this grating constant sin @ = .o¢ for the first order, which enables the values 
of F to be read easily from Fig. 69. 
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It can be shown that the manner in which the values for orders 
higher than Io are extrapolated to zero makes little difference 
in the form of the electron distribution curve. For order 1 the 


value of F is so chosen that the area f Pdz of the peak repre- 
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FIG. 75. 


senting the chlorine atom is 18 electrons, and that representing 
the sodium atom is Io electrons.! 

The most striking feature of these curves is that the electron 
density of the atomic layers falls definitely to zero, for chlorine 
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at about 2A, and for sodium at about 1.1A. It is highly im- 
probable that the long straight portion between the humps at 
the atomic centers, representing zero electron density, would 
occur as a matter of chance. Its existence gives confidence 
not only in the reliability of the method, but also in the 


1 The appropriate value of F is readily found by the help of equation (5.52). 


u 
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accuracy of the data used to calculate the different terms in the 


Fourier series. 
Duane! has called attention to the fact that from the 


intensities of the X-ray spectra it is impossible to tell whether 
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the coefficients of the terms in equation (5.41) are positive or 

negative, and that the only reason for considering the phase 

angle of each term to be zero 1s considerations of symmetry. 

In Fig. 77 are plotted in three different ways the values of P 
1W. Duane, Proc. Nat. Acad. Sci. 11, 489 (1925). 
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for chlorine using the data of Table V-1. Curve 1 is that given 
in Fig. 75 as calculated from equation (5.41). In curve 2, 
the coefficient of the 6th term has been taken to be negative, 
the other terms having their former values. For curve 3 the 


2 Zz ai 3 ‘ 
6th term was —F cos (27-62 + S| , showing the effect of intro- 
a a 


ducing an arbitrary phase angle. The fact that curves 2 and 3 
indicate impossible negative densities of distribution in some 
places whereas curve 1 does not, confirms the correctness of 
the assumptions that all the Fourier coefficients are positive 
and that the phase angles are zero. _ 


72. Electron Density at Any Point in the Space Lattice 


The method of analysis that has just been discussed gives 
the number of electrons in a sheet taken parallel to some 
atomic layer. The electron density at any point, x, y, x within 
the lattice can be calculated in the following manner. | 

Let us consider the reflection from the (A, k, /) plane in the 
crystal. Writing s as the distance along the normal to this 
plane, we have (equation 5. 40) 

Dhki/2 
Fink) = al p(s) cos (2105 oe _)ds. (5.44) 
—Dhkl/2 Akl 
But by equations (4.05) and (4.06), 
he ky ls 
Vh +k? + 2 


Dia = a/ 2 + k2 4+ 7/2, 


and 


Thus 


cos ann = COs an (hx + ky + Jz). (Carey) 


Let dS represent an element of area of an (A, k, /) plane. Then 
if p is the electron density at any point, pdSds is the number of 
electrons in an element of volume. Accordingly, 


LZp(s)ds =f { oas-as, 
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where the integral is taken over a surface of such an area that 


D/2 
the integral J as {eas will include a whole unit of 
—D/2 


crystal structure. That is 


D/2 a/2 a/2 a/2 
Z -{ as { eas =) f i) pdxdydz, (5.452) 
—D/2 —a/274% —a/2 4% —a/2 


where a is the edge of the unit cube of the crystal structure. 


Thus 


‘a /2 a/2 a/2 n 
Facnk) =j J i pdxdydz cos [2-2 ap le ae ni}: 
—a/24 —a/27%—a/2 a 
(5.46) 


If we now represent the electron density p by the three dimen- 
sional Fourier series, 


pa= (dia a A, COS 2p cos ang” cos 2a (5-462) 


and integrate equation (5-46) using this value of p, all the 
terms vanish except that for which 


p=+znh gq=+nk, and r=. 


We obtain thus 
aie: F cana) a We nk, a 
or writing 
jel = ipo KE ae, fire 
I 
Ang. = oat HKL (ea) 


On substituting in equation (5.45@) the value of p given by 
(5.462) we obtain 

Avo = Z/a>. (Sa 7e) 
The electron density at the point x, y, z is thus 


8 wt y 2 
Pa,u.# = 3 a 2 Y Furr cos ani ~ cos an Ke cos ark» (5.48) 


—-O —-© —@ 
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where Fyxr is the experimental value of the structure factor 
for the mth order reflection from the (Ak/) plane. 

Equation (5.48) has been given by Duane (loc. cit.) on the 
basis of an investigation by Epstein and Ehrenfest (cf. Chapter 
X). Using the data for rock-salt supplied by Bragg, James and 
Bosanquet, Havighurst! has calculated from this expression 
the electron densities at different points along various lines in a 
rock-salt crystal. His results are shown in Fig. 78. The upper 
curve represents the electron density at points along a line 
drawn from one chlorine atom to the next, perpendicular to the 
(100) planes. The hump midway between the two chlorine 
atoms represents the sodium atom. Similarly, in accord with 
the rock-salt structure shown in Fig. 4.05, a line drawn along 
the diagonal of a cube face, as shown in curves 3 and 4, passes 
successively through atoms of the same kind. In curve 3 these 
are the chlorine atoms, and in curve 4 the sodium atoms. 

Similar curves have also been calculated by Havighurst ? 
for crystals of potassium iodide, ammonium chloride, and dia- 
mond. Though the experimental values of F for these crystals 
are not as precise as in the case of rock-salt, the power of this 
method of analysis shows itself in the fact that though no 
assumptions are made of the details of the crystalline structure, 
each atom in the lattice reveals itself by the appropriate hump 
in the electron density curves. 


73. Radial Electron Distribution in Atoms 


The number of electrons associated with one of the humps 
. shown in Fig. 78 is proportional to the volume of the hump 
in a 4-dimensional diagram, 1 dimension representing the 
density and the other 3 the distance from the center of the 
atom along the X, Y, and Z axes. The difficulty of evaluating 
such a volume numerically is obvious. However, if the atoms 
are assumed to have spherical symmetry, as we have seen (p. 79) 

1R. J. Havighurst, Proc. Nat. Acad. Sci. 11, 502 (1925). Havighurst used the value 


of Aooo = © instead of that given by Eq. (5.472). 
2 Ibid. 
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is probably the case within experimental error, the number of 
electrons in a spherical shell of radius r and thickness dr is 


Udr = p-4nrdr. (5.49) 


Thus if U = 4nrp is plotted against r, the area under the 
curve should represent the number of electrons in the atom. 
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Curves of this type for sodium and chlorine, calculated by 
Havighurst, are shown in Fig. 79. These curves are to be com- 
pared with Brageg’s curves, Figs. 71 and 72, based on the same 
data, but obtained by a different method. 

It will be seen that the curves in which U is plotted against 
r differ slightly according as 7 is taken along a cube axis or a 
diagonal (see especially the curve for sodium). It is probable 
that a more reliable average curve can be obtained using the 
values of F taken from the smooth curves of Fig. 69, which 
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assume spherical symmetry, than using the directly measured 
values of Fvxz. It is not necessary for this purpose to evaluate 
a 3-dimensional Fourier series. 

Let Fig. 80 be a curve, such as those shown in Figs. 75 and 
76, in which the average linear density of electrons at a dis- 
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tance z from the middle of an atomic layer is plotted against z. 
If there are Udr electrons between r and r + dr from the center 
of the atom, the contribution to P due to these electrons is 


dP = Udr-p(2), 


where f(z) is the probability that each of these electrons is at a 
height z. We have seen, however, equation (5.34), that for 
electrons at random on the surface of a sphere, p(z) = 37. 
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Thus 
dP = =U¢r, 
Oe 


or 


Udr = 2rdP. (5250) 


The contribution of these Udr electrons to the area of the hump 
of Fig. 80 is thus an element of height dP and of breadth 
2% = 2r, the diameter of the shell. We can accordingly imagine 
the whole hump as made up of such elements of area, each 
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representing a number 22dP electrons on a spherical shell of 
radius r = z and of thickness dz. 
From Fig. 80 we see that 
oe dP 
adP=— We SS mo? 
since r = z. Using the value of P given by equation (5.41), 
and writing again 7 = 2, we obtain, 


-¢ -%| 


; z ; 2% 
Ay sin Ix + 240 sin Qe— + ...F. 
az D 


D D 

Recalling that 4, = 2F,/D (eq. 5-42), equation (5.50) thus 
becomes 

r 


ar = 8a 55 


: is 
er sin ann pdr. (Care 


The values of F’, are the same as those used in evaluating P, as 


in Figs. 75 and 76. 
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The total number of electrons in the group may be obtained 
by integrating Udr. If the grating space D is taken so large 
that there is no overlapping of the atoms, the limits may be 
taken from o tor = D/2. Thus 


ae Sr De é Irn 
Lane Cae = nF, al foil (Fr) ar 


re) 


=— ao Ae) Rae (5.52) 


74. Electron Distributions in Sodium, Chlorine and Aluminium 


An application of formula (5.51) to the case of rock- 
salt brings results of great interest. Using the experimental 
values of F' given in Table V—2 we obtain the curves shown in 
Figs. 81 and 82, representing the radial distribution of the 
electrons in sodium and chlorine respectively. These are to be 
compared with Bragg’s curves, Figs. 71 and 72, and Havig- 
hurst’s curves shown in Fig. 79. As compared with Bragg’s 
curves, it is clear that the present straightforward method of 
analysis may reveal irregularities in the electron distribution 
curves which may easily be overlooked when the data are 
analyzed by less direct methods. Bragg informs me that 
curves 71 and 72 represent averages over the humps shown 
in curves similar to those of Figs. 81 and 82, calculated by 
Bosanquet using practically a Fourier method. They ironed 
out the humps, doubting their reality. Havighurst’s curves, 
on the other hand, limit the electron distributions to a much 
smaller radius than do the distributions shown in curves 71, 72 
and 81, 82. This may be due to the overlapping of the successive 
atomic layers in the planes he has considered. It will be noted, 
however, that Havighurst’s curve for chlorine shows humps at 
.3 and .8 Angstrom, nearly coinciding with humps 4 and B in 
Fig. 82, and his data suggest also humps in the curve for sodium 
corresponding closely with those of Fig. 81. 

The form of curves 81 and 82 depends somewhat upon the 
manner in which the F curves of Fig. 69 are extrapolated to 
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zero. This extrapolated portion is much more important in the 
present case than in Figs. 75 and 76 because of the factor 7 in 
the coefficient of each term of series (5.51), which becomes large 
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for the extrapolated values of F. Alternative extrapolations of 
the F values for large values of 2 give U curves which, while 
similar to Figs. 81 and 82 in their general form, differ in the 
position and prominence of the minor humps in the curves. 


Ww 
oH 


m 
i) 
Ss 


nN 
on 


Chlorine 


Electrons per Angstro 
S SL 


hs 
iy 


/ ee PD, 
r=Angstroms from center of alom 


FIG. 82. 


The degree of uncertainty of these curves can be estimated 
from the magnitude of their erratic variations. Thus in Fig. 81 
a planimeter measurement shows that the total area under the 
curve beyond the point C is zero, so that this marks the extreme 
radius of the sodium ion. The irregularities in the curve be- 
yond this point may thus be ascribed to errors of experiment 
and extrapolation. Those in the chlorine curve beyond 2A 
must be due to errors of a similar character. In view of the 
factor rin series (5.51), the amplitude of such erratic oscillations 
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of the curve should be proportional to r. It will thus be seen 
that errors of experiment, extrapolation, etc., may be re- 
sponsible for most of the irregularities in these curves for radii 
greater than 1.2A. It is improbable, however, that we can 
account on this basis for any considerable part of peaks 4 and B. 

The two prominent peaks 4 and B of Fig. 81 can be resolved 
into two components as shown by the broken lines. The areas 
of these component humps are 8.08 and 1.92 electrons respect- 
ively. That is, this electron distribution curve represents a 
sodium ion consisting of 8 electrons all located so close to the 
center that our method does not distinguish them from each 
other, with two other electrons farther out, at a distance of 
about .gA from the center of the atom. 

It is probable that the breadth of the peaks is due chiefly to 
the thermal agitation of the atom. An electron at the center of 
its atom would on this account be displaced on the average at 
an appreciable distance from the equilibrium center of the 
atom. Thus it is clear that all the electrons, but especially those 
near the center of the atom, are on the average moved by the 
thermal agitation to a greater distance from the point in the 
lattice at which the atom is in equilibrium. The scale of 
the atom is thus somewhat distorted, the smaller radi being 
magnified more than the larger radii. Of course, however, the 
thermal motions cannot in any way affect the area of the humps, 
so that our interpretation of the significance of the peaks 
remains unaltered. 

A similar examination of Fig. 82 shows that chlorine can be 
considered as composed of 4 groups of electrons, 10 near the 
center forming peak 4, 4 at B,2 at C,and2at D. The radii of 
the latter three electron groups are about .74A, 1.14A and 
1.60A, uncorrected for thermal motion. 

Some very recent experiments by Bearden! lead to values of 
F which differ slightly but consistently from those of Bragg, 
James and Bosanquet, and give a U curve for sodium in 
which the peak B of Fig. 81 is absent. His curves for the elec- 
tron distribution in chlorine are similar to that shown in Fig. 


1J. A. Bearden, Thesis, Chicago, 1926. 
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82, though the positions and areas of the peaks are somewhat 
different. In view of these differences, one cannot place much 
confidence in the details of the distribution curves here shown. 
They need to be checked by measurements on other similar 
substances. 

As an example of such measurements, Bearden has deter- 
mined the intensity of the lines diffracted by finely ground 
metallic aluminium. For an element the experimental values of 
F can be used directly in calculating the electron distributions. 
For this reason the data for aluminium are less subject to error 
than are those for sodium and chlorine, since these are based on 
differences and sums respectively of the F values for rock-salt. 
Bearden’s electron distribution for aluminium is similar to those 
we have found for sodium and chlorine. There is an inner group 
of 8 electrons, surrounded by shells of 3, 1 and 1 electrons. 
The consistency of these results for sodium, aluminium and 
chlorine gives one considerable confidence at least in the general 
form of the electron distribution curves thus obtained. 

Emphasis may well be laid upon the fact that this method 
of studying the distribution of electrons in atoms of a crystal 
involves precisely the same assumptions as does the deter- 
mination of the arrangement of atoms in crystals by X-ray 
methods. Only greater care has to be taken in the application 
of the method, since we are now concerned with the ultimate 
details of the crystal structure. In treating these problems, 
however, we assume that the classical electrodynamics can be 
applied rigidly to phenomena of X-ray diffraction. But diffrac- 
tion is a special case of scattering, and we shall see in Chapter 
IX that in certain large classes of phenomena of X-ray scatter- 
ing the experiments depart widely from the predictions of the 
classical theory. Grave doubt is thus thrown upon the funda- 
mental reflection formulas upon which the discussion in this 
chapter is based. The fact that the present analysis leads 
definitely to atoms of finite size (Figs. 75 and 76), and the 
reasonableness of the electron distributions at which we finally 
arrive serve, however, to confirm one’s faith both in the 
experimental data and in the reliability of the method of 
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analysis of these data that has been developed. We seem at 
last to be reaping the reward of the very considerable theo- 
retical and experimental labor that has been spent in studying 
the intensity of X-ray reflection. 


75. Effect of Temperature on X-ray Reflection 


Mention has several times been made of the fact that as the 
temperature of the reflecting crystal rises, the integrated re- 
flection diminishes. This was predicted by Debye! soon after 
the discovery of X-ray diffraction by crystals, and was experi- 
mentally demonstrated by Bragg.? The theory of the effect 
has been developed in detail by Debye # and Darwin, and from 
a widely different standpoint by Brillouin. > The validity of 
Debye’s calculation has been examined also by Faxen ® and 
Waller,’ whose conclusions differ from those of Debye only in 
minor details. At the present writing, the experimental studies 
of W. H. Bragg,’ Backhurst,® Jauncey,!° Collins,!! and James,'? 
though showing an effect of the predicted order of magnitude, 
do not support the theories quantitatively. We shall therefore 
discuss the problem only briefly. 

The electron distributions shown in Figs. 81 and 82 exhibit 
clearly the effect of the thermal motions of the atoms in the 
breadth of the peaks due to electron groups. The effect of the 
random thermal diplacement of the atoms from their normal 
positions will be to introduce random phase differences 
between the rays scattered by the different electrons, and thus 
to reduce the intensity of the reflected ray. It is found pos- 

1P, Debye, Verh. d. D. Phys. Ges. 15, pp. 678, 738, 857 (1913). 
2 W.H. Bragg, Phil. Mag. 27, 881 (1914). 

3 P. Debye, Ann. d. Phys. 43, 49 (1914). 

4C. G. Darwin, Phil. Mag. 27, 325 (1914). 

5L, Brillouin, Ann. de Phys. 17, 88 (1922). 

6 H. Faxen, Z. f. Physik, 17, 266 (1923). 

7L. Waller, Z. f. Physik, 17, 398 (1923). 

8 W. H. Bragg, Phil. Mag. 27, 881 (1914). 

9]. Backhurst, Proc. Roy. Soc. 102, 340 (1922). 

10G, E. M. Jauncey, Phys. Rev. 20, 421 (1922). 


uF. H. Collins, Phys. Rev. 24, 152 (1924). 
12 R, W. James, Phil. Mag. 49, 585 (1925). 


170 X-RAYS AND ELECTRONS 


sible 1? to represent the effect of the thermal agitation by in- 
troducing into the reflection formula, equation (5.16), a factor 


DR (5.53) 
usually known as the “‘ Debye factor.”” If one uses the Maxwell- 
Boltzmann form of the kinetic theory to calculate the atomic 
displacements, the constant B is 


6n2kT 
BS ae (5.54) 


where & is Boltzmann’s constant, T is the absolute temperature, 
and f is the force on the atom per unit displacement. Using, 
however, Born and Karman’s modification * of Debye’s specific 
heat theory, which treats the heat motions as a series of elastic 
waves, Debye finds either 


_ 6h (x) 
Pes a) (5.55) 


or 


6h? {1 2) eas 


= uk»20 | 4 iG 


according as he assumes respectively the absence or the exist- 
ence of a zero-point energy. In these expressions / is Planck’s 
constant, u is the mass of an atom, 0 is a temperature character- 
istic of the crystal, ~ = 6/7, and 46@)vis a function of. m 
which Debye evaluates. According to the prevalent form of the 
kinetic theory, equation (5.55) should represent B the most 
reliably. At high temperatures this expression makes B pro- 
portional to T, as does equation (5.54); but at low tempera- ~ 
tures B becomes proportional to T?. 


76. X-rays Diffusely Scattered by a Crystal 


In addition to the rays which are regularly reflected from a 
crystal at the angle given by ~\ = 2D sin 0, there are found to 
1 Debye, loc. cit. 


2 Darwin, loc. cit. 
’ Born and Karman, Phys. Zeits. 14, 65 (1913). 
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be diffusely scattered rays in all directions. If the atoms in the 
crystal were all identical and arranged with perfect regularity, 
the rays at any angle other than near sin-! ”\/2D should be 
completely extinguished by interference. In view of the fact 
that there is a comparatively small number of electrons in each 
atom, it is clear that at any particular instant the arrangement 
of these electrons relative to the incident ray cannot be the 
same for all the different atoms. This introduces a type of 
irregularity which must make the interference incomplete even 
though the atoms have no thermal motion. On this account 
diffuse scattering will occur which is probably proportional to 


oo eA sin? e 
where 4 is a constant independent of the temperature. Due to 
to the thermal agitation there is, as Debye shows, an additional 
irregularity in the atomic positions, which results in diffusely 
scattered rays whose intensity is proportional to 


—B sin? 
Poet p be 


where, as we have seen, B depends upon the temperature. 
The intensity of these scattered rays should thus depend upon 
the temperature according to a relation of the form 


ve = a(t = gee e) a d(1 nee eB sin? oi; (Soa 


The experiments on the intensity of the rays reflected from 
crystals at different temperatures, especially the recent ones of 
James, show that the constant B is accurately independent of 
@ and is proportional to 1/\?, in accord with the equations 
(5.54), (5.55) and (5.56). The manner in which B is found to 
vary with the temperature is not, however, in even approximate 
agreement with the theory. Thus for the rock-salt (100) planes, 
James finds that 


Be LO x TO P14) ), (eens) 
whereas he calculates from equation (5.55) that 


i 4.89 4 Lonel: (5.59) 
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Thus the experimental value of B is proportional to T?, whereas 
its predicted value is proportional to T. 

No more satisfactory agreement has on the whole been 
found by other observers, though in certain isolated cases 
Debye’s formula gives nearly correct results. Perhaps a more 
effective way of studying thermal motions will be to study the 
electron distributions at different temperatures, and thus 
observe more directly the magnitude of the average atomic 
displacements. 

In the theories of the diffuse scattering by crystals developed 
by Debye and Faxen (loc. cit.) no account is taken of the first 
term of equation (5.57), which is due to the nearly random 
positions of the electrons in the individual atoms. It is thus not 
surprising that Jauncey’s experiments show an intensity con- 
siderably greater than the value 


T= Ca — ero ®) (c 0G) 


predicted by Debye’s theory. Jauncey finds also that the effect 
on this scattered intensity of increasing the temperature is 
much smaller than one would expect from this expression. 

It is interesting to note, however, that the scattering by a 
crystal is found by Jauncey to approach zero at small angles, as 
equations (5.57) and (5.60) would both predict. Even when 
the temperature is raised until the substance is in the liquid 
form this effect remains, as is shown by Hewlett’s experiments 
on liquid mesitylene ! and Duane’s 2 on water. 

Regarding the intensity of the diffusely scattered rays, 
Jauncey finds that if a beam of X-rays of wave-length .71A and 
1° broad falls on a polished (100) face of calcite at the correct 
angle for first order reflection, the energy in the reflected beam 
is greater than the whole diffusely scattered radiation by the 
ratio 1.4: 1.0. The diffusely scattered rays at large angles are 
of about the intensity predicted by the classical theory for non- 
crystalline substances (Chapter III). At angles in the neighbor- 
hood of 25°, excess scattering occurs, as is predicted by Debye’s 


1C. W. Hewlett, Phys. Rev. 19, 265 (1922). 
2 A. R. Duane and W. Duane, Phys. Rev. 20, 86 (1922). 
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theory (eq. 3.21) for amorphous substances. The diffusely 
scattered rays are found to be less penetrating than the prim- 
ary rays.! 


77. Effect of Magnetization on X-ray Reflection 


Anything which alters the positions of the atoms or changes 
the distribution of the electrons in a crystal must, in accord 
with the theory developed in this chapter, affect the intensity of 
reflection of the X-rays. According to the ‘“‘ molecular” theory 
of magnetism, when a ferro-magnetic substance is strongly 
magnetized, the elementary ‘“ molecular” magnets become 
approximately aligned in the direction of magnetization. If 
these elementary magnets are the chemical molecules, or other 
groups of atoms, one might expect magnetization to alter the 
atomic arrangements to such an extent that the Laue diffraction 
patterns would be altered. 

The experiment was tried by de Broglie,” using a crystal of 
magnetite, immediately after the discovery of the diffraction 
of X-rays by crystals, and later, independently, by Compton 
and Trousdale.? Magnetization was found to have no effect on 
the positions of the Laue spots, and no noticeable effect on their 
intensities. 

An experiment to detect a possible change in the intensity 
of reflection of X-rays by a magnetite crystal due to magnetiza- 
tion was carried out by Rognley and the author.* A balance 
method employing two Bragg ionization spectrometers was 
adopted, which was capable of detecting a change in intensity of 
I per cent, even in the fourth order. The magnetite was mag- 
netized to about one-third of saturation, perpendicular to the 
reflecting surface in one experiment and parallel to the surface 
in another. No effect due to the magnetization was observed. 

The negative result of this experiment is not easy to recon- 
cile with theories of ferromagnetism. If one assumes that the 

1G. E. M. Jauncey, Phys. Rev. 20, 405 (1922). 
2M. de Broglie, Le Radium 10, 186 (1913). 


3 kK. T. Compton and E. A. Trousdale, Phys. Rev. 5, 315 (1915). 
44. H. Compton and O. Rognley, Phys. Rev. 16, 464 (1920). 
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atom acts as the elementary magnet, its orientation by the 
magnetic field should produce a detectable effect unless it is 
surprisingly nearly isotropic. It is not inconsistent with the 
experiment to imagine that the orbits of certain of the inner 
electrons are turned by the magnetic field, but this is rather 
dificult to reconcile with the pronounced effect on magnetiza- 
tion of chemical conditions and mechanical jars. The absence 
of any effect on the intensity of reflection due to magnetiza- 
tion is, however, consistent with the view that the elementary 
magnet is a spinning electron. ‘This suggestion has been used 
to account for a variety of magnetic properties of matter, and 
has recently been revived in connection with the interpretation 
of complex spectral lines. 


CHAPT ERE 1 


Tue ABSORPTION OF X-Rays 


78. Total and True Absorption 


We are acquainted with two distinct methods by which X- 
ray energy is dissipated. Examination of the cloud expansion 
photographs obtained when X-rays traverse air reveals the 
existence of high speed electrons ejected from the air molecules 
by the X-rays. We also find that a part of the X-ray energy 
is spent in producing scattered rays. There is at present no 
evidence that the energy of the X-ray beam is spent in any 
other way. It is true that fluorescent radiation is produced; 
but as we have already seen (Chapter I) this fluorescence prob- 
ably occurs as the atoms from which the electrons are ejected 
return to their normal condition. The primary action of the 
X-rays is thus to eject the electrons, and the fluorescence is a 
form in which part of the energy reappears which has been 
removed from the X-ray beam. If we let 7 represent the 
absorption due to the ejection of the photoelectrons and o that 
due to the scattering, the total absorption coefficient may be 
wrtte n, 


wp=rtea. (6,01) 


For want of a better name, we shall designate the quantity 
r the “ true” absorption, and o the absorption due to scatter- 
ing. 

Because of the presence of the scattered rays, the rate at 
which the intensity of a beam of X-rays decreases with the 
thickness of the absorbing screen traversed depends upon the 
geometrical conditions as’ well as upon the material and wave- 
length. If the beam is narrow, nearly all of the scattered energy 
will fall outside of the main beam; but if the beam is broad, 
much of the scattered energy will remain within the main beam 
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and add to its intensity. This effect of the scattered rays is 
well illustrated in the curves shown in Figs. 83 and 84, repre- 
senting data obtained by Bachem.! Fig. 83 shows the intensity 
of the X-rays at various positions in a deep water bath when 
the water is irradiated from above by hard X-rays (200 kv., 
I mm. copper filter) passing through an opening 20 cm in 
diameter. The curves of Fig. 84 are exactly similar except that 
the diameter of the incident beam is 5 cm. It will be seen that 


Geometric 
¥ Shadow 


because of the presence of a greater amount of scattered rays, 
the intensity falls off less rapidly for the broader beam. This 
is accompanied also by a greater intensity outside the geo- 
metrical shadow, due to the scattered rays when the broader 
opening is used. Bachem finds! that under the conditions of 
Fig. 83, at the surface of the water 33 per cent of the X-rays 
are secondary rays coming back from the water, while at a 
depth of 20 cm. 85 per cent of the X-rays are secondary, only 
15 per cent coming directly from the primary beam. 

For a narrow X-ray beam it is clearly the coefficient of total 
absorption « which determines the rate of energy decrease, and 
for a broad beam it is a coefficient intermediate between p and 
rt, since only a portion of the secondary beam remains within 
the direct beam. 


‘A. Bachem, “Principles of X-ray and Radium Dosage,” Chicago, 1923, pp. 152 
et seq. 
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We have defined the absorption coefficient, or more spe- 
cifically the “linear” absorption coefficient, as the fraction of 
the incident energy which is absorbed per centimeter of matter 
traversed, that is, 

al/I 

dx 


If we consider a beam of I square centimeter cross section, this 
is the fraction of the energy absorbed per cubic centimeter of 
matter traversed. If the density is p grams per cm.., the frac- 
tion of the energy absorbed per gram is of course um = u/p, 
which is called the mass absorption coefficient. Similarly, if there 
are a number 7 atoms per cm.?, the fraction of the energy 
absorbed per atom is pa = «/”, which is called the atomic 
absorption coefficient. 


(6.02) 


79. The Measurement of Absorption Coefficients 


In order to obtain precise measurements of the absorption 
coefficients it is necessary to use homogeneous X-rays. For if 
more than one wave-length is present, the longer waves will be 
strongly absorbed by the first portions of the absorption screen, 
making the fraction of the energy removed per unit path de- 
crease with the thickness traversed. If J is the intensity of the 
beam after traversing a thickness x, and if Jo is its intensity if 
the screen is removed, we found (1.01) that J = J.e~**, whence 


°. (6.03) 
But equation (1.01) was based upon the assumption that p as 
defined in equation (6.02) is independent of x, so that equation 
(6.03) can be used to calculate the coefficient strictly only in 
case the wave-length is constant. 

We may however speak of the “effective” absorption co- 
efficient of a heterogeneous beam of X-rays, meaning usually 
the value calculated from equation (6.02) for some particular 
value of x. This effective value approaches a maximum limit 
for small values of x, which depends upon the distribution of 
wave-lengths in the incident beam. 


ui 
w= ~ log 
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The homogeneity required to make accurate measurements 
of the absorption coefficients may be secured in either of two 
ways. In his early experiments,! Barkla secured nearly homo- 
geneous rays by exciting the secondary fluorescent radiation of 
various elements. Thus, for example, hard X-rays were 
allowed to fall successively upon chromium, manganese, iron, 
etc. The absorption of the fluorescent X-rays from these ele- 
ments in various substances was then examined. As we now 
know (see p. 25, §7), the K radiation from these elements is 
not strictly homogeneous, but consists rather of two prominent 
components whose wave-lengths differ by 10 or 15 per cent. 
But the rays thus obtained were practically free from the radia- 
tion which forms the continuous spectrum of the primary beam, 
so that this work marked a great advance. 

With the advent of crystal spectrometry, it became a com- 
paratively simple matter to secure nearly homogeneous X-rays. 
The apparatus used by Bragg and Peirce ? and in most of the 
later absorption measurements is shown diagrammatically in 
Fig. 85. From the crystal C, preferably of calcite in order to 
obtain a pure spectrum, a ray is reflected to the ionization 
chamber J. Early experiments by Moseley and Darwin? and 
recent ones by Woo‘ have shown that it makes no difference 
whether the absorption screen is placed at 4 in the path of the 
direct beam or at B in the path of the reflected beam, though 
usually the screen has been used at B. 

It will be seen that this arrangement satisfies the geometrical 
conditions for measuring the total absorption, for the ray re- 
flected from the crystal is necessarily narrow, and the aperture 
of the ionization chamber is ordinarily small. Of course if the 
absorption screen were placed against the window of the ioniza- 
tion chamber, an appreciable amount of scattered radiation 
might enter, but this will not occur if the screen is placed near 
the crystal. 


1C. G. Barkla, Phil. Mag. 22, 396 (1911). 

2 W. H. Bragg and S. E. Peirce, Phil. Mag. 28, 626 (1914). 
*H.G. J. Moseley and C. G. Darwin, Phil. Mag. 26, 211 (1913). 
4'Y. H. Woo, Proc. Nat. Acad. 10, 145 (1924). 
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If d, is the wave-length of the first order ray reflected at the 
angle 6, rays may also appear whose wave-lengths are \/2, 4/3, 
etc. These higher orders can be eliminated by taking the pre- 
caution of operating the X-ray tube at a potential too low to 
excite the wave-ength d,/2. This condition is satisfied if Vax. 
< 2he/eds, where V,,,x. is the maximum potential applied to the 
tube. There is thus a sufficient margin of potential to make 
possible the excitation of the desired wave-length with a con- 
siderable intensity. 


Fic, 85. 


The shape and purity of the absorbing screen are also of 
great importance when precise absorption measurements are to 
be made. In view of the rapid increase in absorption coefficient 
with atomic number, even a very small impurity of a heavy 
element may increase greatly the absorption by a light element 
such as carbon or aluminium. In the case of the heavy ele- 
ments, especially for the greater wave-lengths, the absorbing 
screen must be so thin that it is very difficult to secure uniform 
thickness. The effect of non-uniformity is to give an apparent 
absorption coefficient smaller than the true value. 


80. Tables of Absorption Coefficients 
The following tables give the absorption coefficients of X- 
rays of various wave-lengths in different elements: 
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A =S.J.M. Allen, Phys. Rev. 24, 1 (1924); 27, 266 (1926). The author is indebted to 
Prof. Allen for sending him his unpublished data for wave-lengths greater than .7A4. 

C. G. Barkla, Phil. Mag. 22, 396 (19011). 
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D = W. Duane, Proc. Nat. Acad., March, 1922. 
HR =A. W. Hull and M. Rice, Phys. Rev. 8, 836 (1916). 
BP = W. H. Bragg and S. E. Peirce, Phil. Mag. 28, 626 (1914). 
RW =F. K. Richtmyer and F. W. Warburton, Phys. Rev. 22, 539 (1923). 
For additional data, cf. Glocker, Phys. Zeits. 19, 66 (1918); Owen, Proc. Roy. Soce 94, 510 
(1918); Williams, Proc. Roy. Soc., 94, 571 (1918) and Wooten, Phys. Rev. 13, 71 (1919). 
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AVAIL, WH 


Mass anp Atomic AssorpTion CoEFFICIENTS OF THE ELEMENTS FOR \ = 0.710A 
(MotyspENuM Ka Line) 


Element Authority one ire 
ui Jal qe 28 .047 
OC A 68 1.34 
Ww 667 1 32 
10 . 569 Leng 
Gp IN| Wi reo.) 2.48 
8 O W 1.00 2.64 
al i Hs 3.04 
Tig INI Ww Be89 TORS 
12 Mg Ww 4.60 TOI 
gy JN A 5 Bs 23.8 
Ww 5.28 Bh Ts 
ie 1 W 8.28 42.4 
16S A 9-9 Gla 
Ww 8.83 46.7 
iG) Gl W Die, 68.5. 
19 K Ww 16.2 105 
20 Ca Ww 20.2 TR 
py (Cre W 30.0 Or 
25 Mn Ww 34-7 315 
26 Fe Ww 36.9 340 
27 Co Ww 38.1 371 
28 Ni W 48.2 467 
29 Cu A 53-7 563 
W 46.3 486 
30 Zn A 60.0 647 
W 55.2 596 
ag lise WwW 67.2 887 
38 Sr Ww 94-3 1360 
39 Y Ww 99-5 1470 
40 Zr Ww 19.7 295 
42 Mo Ww 20m 324 
47 Ag A 28.5 507 
W 30.8 548 
48 Cd Ww 30.3 562 
so Sn W 35.0 686 
coat Ww 39.8 833 
56 Ba W 41.4 938 
78 Pt A 11g 3830 | 
79 Au W 101 3280 
82 Pb A 140 4790 
WwW 102 3480 
REFERENCES: 
T =E.G. Taylor, Phys. Rev. 20, 709 (1922). 
A =S.J.M. Allen, Phys. Rev. 24, 1 (1924). 
W =K. A. Wingardh, Zeits. f. Phys. 8, 363 (1922). 
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TABLE VI-3 


Mass, Aromic AND ELecrronic ABsorPTION COEFFICIENTS OF THE ELEMENTS FOR 
y Rays From Rapium C, FILTERED THROUGH I CM. or LEAD 


(A = .o17A approx.) 
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Um Mm Lm Ma Me = Ma/Z 

GS Ahmad OFF Ishino x 1028 x eS 

isl Any) 0195 1.95 
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80 .OSgI Sass .156 1.95 

12 Mg Pie .0566 Ae Oy 1.88 

13 Al 0575 .0559 .0659 256 1.97 

16S -0579 Bold ogee 318 1.98 

26 Fe 0575 .0632 529 2.03 

28 Ni .0589 Soja 570 2.04 

29 Cu .0570 Bec 598 2.06 

30 Zn .0569 .0567 613 2.04 

47 Ag SORE, RGAE 990 Di 

so Sn .0557 10525 1.06 Dat 

AS Et .0680 Ane Pyesiuls 2.76 

80 Hg .0702 ee S400 DY 9X6) De tsy) 

82 Pb .0681 .0633 BOW 2 7 2.29 Dl 

83 Bi .0705 ary. “6 oie BERG 2.89 

go Th .0810 uel 3.41 

g2 U .0826 By Phi 3-49 


REFERENCES: 
N. Admad, Proc. Roy. Soc. 105, 507 (1924); 100, 206 (10925). 
E. A. Owen, N. Fleming, W. E. Fage, Proc. Phys. Soc. London 36, 355 (1924). 


M. Ishino, Phil. Mag. 33, 140 (1917). f , : ; 
The values quoted from Ishino’s work are corrected for a slight error in estimating the 


scattering coefficient. J 
The values of 4, and p, are calculated from Ahmad’s values of Lm except in the case of Mg, 


or which O F F'’s value is used. 


TABLE VI-4 

ABSORPTION COEFFICIENTS FOR SCATTERED y-RAys 

Mm va He = pa/Z 
Ele- 
ment 

023A |.041A |.057A |.023A |.041A 057A 023A |.041A .057A 
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EORSTIN [ascarsreeleeiah ii BUG ad eesetetenl rs eit» Ie Ara Roalls ct hoe 6.1 
Solel] uni || aba | ate |) ete I eae [ees Ay |) fh) ||P 


REFERENCE: A. H. Compton, Phil. Mag. 41, 760 (1921), with wave-lengths calculated 
from equation (9.04), assuming )\g = .017A. 
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In Table VI-1 I have interpolated between the values given 
in the original papers to obtain the values for the wave-lengths 
desired. 


81. Critical Absorption Wave-lengths 


The most prominent characteristics of the absorption co- 
efficients as functions of the wave-length and the atomic num- 
ber are shown in Figs. 86 and 87. In Fig. 86 is shown the man- 
ner in which a given element, in this case platinum, absorbs 
radiation of different wave-lengths. In general the absorption 
coefficient increases rapidly with an increase of wave-length. 
There exist, however, certain critical regions in which for a 
slightly increased wave-length there is a sudden decrease in 
absorption. The wave-lengths at which such sudden changes 
occur are known as the critical absorption wave-lengths. It is 
found that if the wave-length of the radiation is shorter than 
the shortest of these critical wave-lengths, the complete X-ray 
spectrum of the absorbing element is excited, including the 
characteristic K radiation. A slightly longer wave will excite 
only the characteristic fluorescent L, M, etc., radiations, but 
not that of the K type. Similarly there are three critical ab- 
sorption wave-lengths associated with the Z series, at each of 
which a separate portion of the emission spectrum of the L 
series disappears, until at wave-lengths longer than 1.07A no 
fluorescent Z radiation is excited. Experiment shows ? that the 
critical absorption wave-length associated with any X-ray 
spectral series is very slightly shorter than the shortest emission 
wave-length of the series. Thus any element is especially trans- 
parent to its own characteristic radiation. 

Figure 87 shows the absorption per atom of X-rays of wave- 
length 1.00A in the different elements. ‘The rapid increase of 
the absorption with the atomic number is prominent. But 
here again there exist the critical points at which sudden de- 
creases in the absorption occur. Thus arsenic, of atomic num- 


1C. G. Barkla, Phil. Mag. 22, 396 (1911). 
2D. L. Webster, Phys. Rev. 7, $99 (1916). 


CRITICAL ABSORPTION WAVE-LENGTHS 187 


= 


4ea=Atomic Absorption Coefficient —> 
Am=Mass Absorption Coefficient —> 


Wave -length, Angstroms —> 13 


Fic, 86. 


4ta2 Atomic Absorption Coefficient —> 


Oe 20 30 40 Atomic Number —+ %0 GO 
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ber 33, absorbs this wave-length much more strongly than does | 
selenium, of number 34, corresponding to the fact that rays of 
1A wave-length will excite the characteristic K radiation of 
arsenic but not of selenium. Similarly there exist critical 
atomic numbers for the Z series in the neighborhood of plat- 
inum (4 = 78). 

Critical absorption wave-lengths have been observed cor- 
responding not only to the K and L series of the absorber but to 
its M series as well in the case of the very heavy elements. 

Some discussion has arisen with regard to the existence of a 
critical absorption of a shorter wave-length than the K radia- 
tion, which could be ascribed to a possible J radiation. Several 
experimenters, including Barkla and White,! Williams,? Owen 3 
and Dauvillier,* have obtained evidence which they have taken 
to indicate the existence of such critical wave-lengths; and 
Laub ® and Crowther ® have observed penetrating secondary 
radiation which they have attributed to this source. This 
secondary radiation, however, has no definite wave-length 
characteristic of the radiating element, and is explicable as 
scattered radiation whose wave-length has been changed as 
described above (p. III, 15). Furthermore the agreement 
is not good between the values given by different observers for 
their critical J wave-lengths. The careful measurements of 
Richtmyer and Grant 7 and those quoted in Table VI-1 have 
shown no indication whatever of these supposed critical wave- 
lengths. And finally an examination of the radiation from an 
X-ray tube with an aluminium target led Duane and Shimizu 
to conclude § that “ aluminium has no characteristic lines in its 
emission spectrum between the wave-lengths \ = .1820/4 and 
1.2594 that amount to as much as 2 per cent of the general 


1 Barkla and White, Phil. Mag. 34, 270 (1917). 

? Williams, Proc. Roy. Soc. 94, 567 (1918). 

3 EK. A. Owen, Proc. Roy. Soc., 94, 339 (1918). 

4 Dauvillier, Ann. de Phys. 14, 49 (1920). 

6 J. Laub, Ann. der Phys. 46, 785 (1915). 

6 J. A. Crowther, Phil. Mag. 42, 719 (1921). 

7 Richtmyer and Grant, Phys. Rev. 15, 547 (1920). 

§ Duane and Shimizu, Phys. Rev. 13, 288 (1919); 14, 389 (1919). 
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radiation in the neighborhood.” The evidence is thus strongly 
against the existence of a characteristic J radiation.1 


82. Table of Critical Absorption Wave-lengths 


The wave-lengths of the critical absorption limits for differ- 
ent elements are given in the following table. The values in 
italics are direct determinations from X-ray absorption spectra. 
Other values are calculated, some from the wave-lengths of the 
spectrum lines (see p. 330), some from critical potentials for 
exciting soft X-rays, some from ultraviolet spectra, and a few 
are interpolated. 


83. Empirical Absorption Formulas 


An empirical absorption formula which has been found to 
express fairly satisfactorily the absorption by all elements of 
atomic number greater than 5 for wave-lengths between o.1 
and: 1.4:4 * is 

Ma = KZ403 + .8Zoo. (6-04) 


1In recent papers (Phil. Mag. 1925). Barkla himself abandons the view that 
there exists a fluorescent J radiation similar to the characteristic K and LZ radiations. 
He continues, however, to find abnormalities in the absorption of soft X-rays, the 
nature of which is a sudden decrease in intensity after the rays have traversed a certain 
thickness of the absorbing screen. This effect is especially prominent when scattered 
X-rays are used, but is not always found to be present. Barkla ascribes it to a trans- 
formation of the X-rays as they traverse the matter, calling the phenomenon a “J 
transformation.” His results seem to find no explanation on the basis of present 
theories of radiation, and an extended discussion of them would be premature. 

2 This is equivalent to a similar formula used by Richtmyer. (F. K. Richtmyer, 
Phys. Rev. 18, 13 (1921); F. K. Richtmyer and E. W. Warburton, Phys. Rev. 22, 
539 (1923).) ‘The first use of the factors Z4 and )* that I find are by Bragg and Peirce 
(Phil. Mag. 28, 626, 1914) and by Duane and Hunt (Phys. Rev. 6, 166, 1915) respec- 
tively. The term Zoo, representing the scattering, was employed by Barkla and 
Collier (Phil. Mag. 29, 995, 1912); but Hull and Rice (A. W. Hull and M. Rice, Phys. 
Rev. 8, 836 (1916)). Hewlett, (C. W. Hewlett, Phys. Rev. 17, 284 (1921)), and Richt- 
myer, loc cit., have found a term equivalent to .8 Zoo to be more satisfactory, espe- 
cially at very short wave-lengths with the lighter elements. For the heavier elements 
a term proportional to Z? seems to represent the scattering better than one propor- 
tional to Z, due doubtless to the cooperation in scattering by the electrons grouped 
in the atom as described in Chapter II. Glocker (Phys. Zeit. 19, 66, 1918) and 
Allen (Phys. Rev.: 27, 266, 1926) find that somewhat better agreement may be 
obtained if slightly different values of the exponents of Z and ) are used. 
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Here 2 is the wave-length of the X-rays employed, Z is the 
atomic number of the absorber, K is a universal constant having 
the value 2.24 X 10-2 for wave-lengths shorter than the critical 
K absorption wave-length, if \ is expressed in centimeters, and 
a value .33X10~2 when X is between the critical K and L 
absorption wave-lengths. The quantity o is given by the 
expression (cf. eq. 2.16), 

Pom Tet 
3 m8 


(6.05) 


0 


and has the value 6.63 X 10775 cm.? It represents the total 
energy scattered by a single electron, when struck by a beam 
of unit intensity, as calculated on the classical electron theory. 

The extent of the agreement of this expression (6.04) with 
the experimental values for the representative elements, carbon, 
aluminium, iron, silver and lead, is exhibited for wave-lengths 
between 0.1 and 1.0A in Fig. 88. The logarithms of the atomic 
absorption coefficients are plotted against the logarithms of the 
wave-lengths. It is remarkable that a formula with but 4 
arbitrary constants is able to express so accurately the absorp- 
tion by some 80 elements of radiation over so wide a range of 
wave-lengths. It would suggest that the relation is of some 
phy sical significance. Nevertheless, the formula is unsatisfac- 
tory for extrapolation to shorter wave-lengths, since the mini- 
mum absorption that it can give, 0.8 Zo,, corresponds to a 
mass absorption coefficient of about .16. This is not in agree- 
ment with the mass absorption coefficient about .06 observed 
for all elements when hard y-rays are employed. 


84. Owen’s Law 


It is natural to associate the quantities 7 and o of equation 
(6.01) with the quantities KZ*n? and .8Zc, respectively of 
equation (6.04).! In view of the manner in which the constant 


1 This identification is not quite justified. For as we have seen in Chapter II, the 
scattering is not strictly independent of the wave-length, and we shall see later (Chap- 
ter IX), that a part of the term proportional to Z represents a form of true absorption 
associated with the scattering process. 
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K has been defined, it will be seen that a more complete expres- 
sion of the first identity would be 


Ti (KxZn3)y < XK + (KrZ4)3) y <aNG + cic G (6.06) 


To 1.2 T.4 1.6 tog 2 (AU) o=—=> ie) 


Fic. 88. 


The first term of this series is to be counted, as the subscript 
indicates, only for wave-lengths less than the critical K absorp- 
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tion wave-length of the element whose atomic number is Z, and 
similarly for the other terms. The constant Kx has the value, 
according to Richtmyer and Warburton, of (2.24 — .33) X 
10-2 = I.gt X 10-2, An expression equivalent to this was first 
given by E. A. Owen in 1918,! and it represents a more accurate 
statement of the absorption law which he first proposed in 
1912.2 I shall accordingly refer to it hereafter as Owen’s law. 
The first term of equation (6.06) seems to represent the 
absorption by the electrons in the K shell of the atom, the 
second term by those in the ZL shell, etc. If this is the case, we 
may write for the absorption by the K electrons in the atom, 


Tie KxZ43, (6 . 07) 


remembering that Kx = 1.91 X 10~% for wave-lengths less 
than \x, and o for wave-lengths greater than dx. Also 


= KG ZaN, (6.08) 


where K, = .25 X 107%, and similarly for the absorption by 
the outer shells. 


85. Absorption Due to Scattering 
The empirical expression, 
C—O Lon (6.09) 


corresponding to the second of these identities, 1s not in agree- 


ment with the value 
oS Lon (6. 10) 


which would be anticipated from equation (2-16) for a chance 
distribution of the electrons within the atom. If we should 
calculate the atomic scattering coefficient from some such 
formula as (2.31), taking into account the cooperation of the 
electrons within the atom, we should get a result even greater 
than that given in equation (6.10), and therefore differing still 
more from the experimental value. This difficulty is obviously 
the same as that described above (p. 56, e¢ seg.). where we 


1E. A. Owen, Proc. Roy. Soc. 94, 522 (1918). 
2 E. A. Owen, Proc. Roy. Soc. 86, 434 (1912). 
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noticed that for short wave-lengths the experimental values of 
the scattering coefficient fell distinctly below those predicted by 
the theory. For it is only for the very short wave-lengths that 
the scattering accounts for any considerable part of the total 
absorption, so it is for these wave-lengths that the term .8Zoo 
of equation (6.04) is experimentally found. It is very probable 
that for the heavier elements and for longer waves the scattering 
coefficient becomes much greater than Z oo, as formula (2.31) 
would suggest.1 The true absorption is so great under these 
conditions, however, that the scattered energy is very difficult 
to estimate. 

The absorption experiments thus support the conclusion at 
which we had previously arrived, that the electromagnetic 
theory predicts too great a scattering coefficient for short wave- 
lengths. They supply us, however, with little information con- 
cerning the scattering coefficient for wave-lengths greater than 


o-3A. 


ELECTROMAGNETIC THEORY OF TRUE ABSORPTION 


86. Pulse Theory 


An equation identical in form with expression (6.06) has 
been derived theoretically by the author,? making use of J. J. 
Thomson’s old hypothesis of X-ray pulses.’ Such a solution of 
the problem is unsatisfactory, since the basic hypothesis of X- 
rays consisting of short pulses is inconsistent with the fact that 
X-ray spectrum lines are very sharp (cf. supra, p. II, 14). But 
the fact that the Owen’s empirical formula can thus be derived 
suggests strongly that the law may be of real physical signifi- 
cance. It will therefore be valuable to consider this view of the 
mechanism of absorption. 

Thomson postulates a pulse co sisting of an electric intens- 
ity E through a distance d, followed by an intensity — E fora 
distance d, after which the field due to the pulse vanishes. If 


1 Cf. ¢.g.,S. J. M. Allen, Phys. Rev. 241, (1924) . 
2 A. H. Compton, Phys. Rev. 14, 249 (1919). 
3 J. J. Thomson, “Conduction of Electricity through Gases,” 2d Ed., pp. 326-8. 
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the time required for the pulse to pass is short compared with 
the natural period of an electron which it traverses, the acceler- 
ation of the electron during the first half of the pulse is Ee/m, 


its velocity at the end of the first half is = x _ where c is the 


velocity of light, and the distance through which the particle 
ejay? 


is displaced is . =—(<). During the second half of the pulse 


the acceleration is — Ee/m, and when the pulse has passed the 
velocity of the electron is again reduced from Eed/me to zero, 
though it has continued to move until its displacement 1s 


x = Eed*/mc?. (6.11) 


If F is the restoring force on the electron when displaced a 
distance x from its equilibrium position, the work done in dis- 
placing the electron a distance » is 


x 
W =| nian: (6.12) 
oO 

But if » is the frequency of the free vibrations of the electron 
about its equilibrium position, the restoring force is 

F=- AT Me, 
or in terms of natural wave-length instead of natural frequency, 

P=— gr?mc?x/d?. (6.13) 
Substituting in equation (6.12) this value of F and the value 


of x from expression (6.11), we obtain for the work done on the 
electron, 


In2e2d4 : 
Vag mee 2 (6.14) 
The energy per unit area of the pulse is, however, 
1d ds Fed 
(Gertrgg et = 25) 


where E is the electric and H the magnetic intensity of the 
pulse, since HE = H. Dividing (6.14) by (6.15) we find for the 
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fraction of the energy per unit area of such a pulse which is 
absorbed by a single electron, 
oe pag de 


MC2\.2 


(6. 16) 


Te 


The absorption by the Nx electrons in the K shell should ac- 
cordingly be 

_ 4 ede Nz 
Ee MC?) x? 


TK (6. 17) 
the natural wave-length of the electrons being Xx. This expres- 
sion is equivalent to that obtained by Thomson. 

In order to associate this result with Owen’s experimental 
law, we note that the thickness 2d of the pulse corresponds 
closely to_a complete wave-length of the incident rays. 
Moreover, according to Moseley’s law (eq. 1.04), if we identify 
the natural frequency of the absorbing electrons with their 
critical absorption frequency, we have for the corresponding 
wave-lengths, 1/Ax = CxZ? approximately. According to the 
simplest form of Bohr’s theory, Cx = 21?e4m/nx?ch®, where h 
is Planck’s constant and 7x is the quantum number of the K 
shell. Substituting these values for d and Xx in equation (6. 17) 
we obtain, 


ee oo K,’Z»3, (6. 18) 
where 
, 2? Nxmei0 
oo ngicth® — ee) 


Making the usual assumptions that the number of electrons in 
the K level is Nx = 2, and that the quantum number is 
Ne = 1, we get K,’ = 10.4 X 10-*. This differs only by a 
factor of 5.4 from the experimental value Kx = 1.91 X 107%. 
It we attempt ina similar manner to calculate the absorp- 
tion of a long train of waves, the result 1s an expression of an 
entirely different form and in much less satisfactory agreement 
with experiment. Equation (6.1g) is thus dependent upon the 
assumption that the X-rays consist of pulses which are short 
compared with the natural wave-length of the absorbing elec- 
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trons. Since Owen’s law holds for the absorption of X-ray 
spectrum lines, which are known to come in long trains of 
waves, the present theory is unsatisfactory. Nevertheless, the 
fact that the theoretical equation (6.19) is of just the right 
form, and the fact that the constant of proportionality Kx is of 
right order of magnitude, cannot be mere accident. Though 
this agreement does not justify the theory which we have de- 
veloped, it gives some confidence that Owen’s law is of real 
physical significance. 


87. Absorption of Long Trains of Waves 


We noted above that there is no difference in the fraction 
of the energy absorbed from an X-ray by a given screen before 
and after reflection from a crystal. After reflection from a 
crystal, however, even a short pulse is spread out into a long 
train of waves, and similarly the length of any X-ray wave 
train will be increased by the reflection process. This experi- 
ment therefore indicates that the length of the train of waves 
has little if any effect upon the fraction of the energy of the 
train which is absorbed on passage through matter. To simplify 
the problem, we shall therefore suppose that the wave trains 
are of infinite length, that is, that they are undamped. In 
order that the energy shall be removed from such a wave- 
train, we must suppose that it excites forced oscillations of the 
electrons which it traverses, and that these oscillations are in 
some manner damped. The work done in moving the electrons 
against the damping forces will then constitute the energy 
absorbed from the wave train. 

The amount of energy thus absorbed can be estimated in 
the following manner. Let us suppose that at any particular 
absorbing electron the electric vector of the primary wave 
train is in the direction of the X-axis, and is expressed by 
A cos (pt + 5), where p = 2nc/d and 5 is the phase at the 
time ¢ = o. We shall suppose that the damping is produced 
by a viscous force whose magnitude is — ages m being the 


dt 
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mass of the electron and r being an arbitrary constant. We 
shall assume also that the electron is subject to a restoring 
force — g?mx. Its equation of motion is then, 


Be 


mon + me + ¢g?mx = Aécos (pi + 6). (6.21) 


The solution of this equation for the case where the wave 


started at a time f = —oo, so that the system is in a steady 
state of oscillation, is: 


x =— i cos (pt + 41). (6.22) 
= Ae = at a 
A= ZC: Pp ee > 


s(t) 


The energy dissipated in the time dt against the frictional 


Here 


and 


61 


x. 
force — rm— 1s 


dt 
dx dx 


rm ye 


and the total work done on the electron as one wave traverses 


it is, 
wee any? 
rm\| —) dt. 
Joom(G) 


The energy of this one wave per square centimeter per second 
of the wave front is, however, 


Qn/p 2 2 “2a /p 
if & ae a edt = - Edt, 
0 T:, 


Sr | 8a 


where E is the electric intensity of the wave at any instant, 
which is equal to the magnetic iatensity H. The fraction of the 
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energy which is incident on unit area that is absorbed by the 


electron is hence, 
2n/P / dx\ 2 
rf (=) dt 
dt 


Tee == C 27/p : (6 7 23) 
-- E?dt 


47™Jo 


Using for x the value given in equation (6.22) we find, 


22/p dx 2 
eee = 2. 
J (=) dt rAy 2 


and using for E its value 4 cos (pt + 6) we obtain 
2x /p 
i) Edt = 1A?/p?. 
Thus by (6.23) the absorption coefficient per electron becomes 


anrmp? Ay? 
oP a Gee a ear eetts 


C A 


or substituting the value of 4 given in expression (6.22), 


4nre? Q\2 2 
ory (eee 


In order to put this result in a more useful form, let us 
evaluate the quantity 


ie I dp 
33 Y° 2 


Pp 2 
fee 


To do this, we assume that the damping constant 7 is small 
compared with the frequency terms g and p. This will be true 
unless the damping approaches its critical value. The term 


PN #4 
r?/p? 1s then small compared with (1 — ue except when p 


is nearly equal to g. Thus for the narrow region of frequencies 
for which the term r?/p? is significant, it may be replaced by 
the constant term r?/q?. Making this substitution, the expres- 
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sion may be integrated, giving the value r/aV @ =77) £. 
From equation (6.24), therefore, 


oe ar 2 io.) 
ee 4 =i I dp 
oP. We) le as 
Dear as 
7 Q12¢e2 
mew g? — 72/4 


But V@? — r?2/4 = 20c/%o, where X is the wave-length of the 
radiation emitted by the natural vibration of the electron. 
In terms of the wave-length our expression therefore becomes, 


since dp/p = — dd/d, 


In virtue of our assumption that 7 is small, the absorption is 
practically confined to a narrow range of wave-lengths 5s. So 
without introducing any appreciable error we may replace the 
limits of integration o and o by dX — 46d and A+ 46a, 
respectively, where \, is the wave-length of maximum reso- 
nance. But over this narrow range, \. is nearly equal to X, so 
to a close approximation we may write, 


gi we? 
if —dy = —; (6.28) 
r 


es mc? 


0 


We shall now introduce the hypothesis that the K absorp- 
tion band is due to the presence of electrons whose resonance 
wave-lengths may lie anywhere between o and Ax, where Ax Is 
the critical K absorption wave-length. If there is a number 
Nx such electrons per atom responsible for the K absorption 
band, it follows from equation (6.25) that 


AK +76 2 
Hf Ce ae (6.26) 


2 mc? 


where as before rx is the atomic absorption coefficient due to the 
K electrons. Experiment shows that the critical absorption 
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limit is very sharp, which means that 5d is very small com- 
pared with \x. According to the present view of absorption, 
this means that the damping coefficient 7 is very small com- 
pared with the angular.frequency p, as we have assumed. 
Thus equation (6.26) becomes 


The number of electrons per atom responsible for the K absorp- 
tion band is consequently 


A result equivalent to this has been obtained by R. A. 
Houstoun,! who finds on evaluating the integral from experi- 
mental data that Nx is of the order of unity. Using the data 
collected in Tables VI-6 and VI-7 I find by graphical integra- 
tion that this equation gives in the case of Zn, Nx = 1.4 elec- 
trons per atom, and for Pt, Nz = 4.3 electrons per atom. These 
results, though of the correct order of magnitude, are not in 
sufficiently good accord with the accepted numbers 2 and 8 to 
inspire confidence in the reliability of this expression. 

If we assume as an experimental datum that the absorption 
is proportional to the cube of the wave-length, that is, tx = 
Cxd3, we may substitute this value of rx in equation (6.27), 
and on integrating obtain, 


MC?) x? 
Nx = rg Ce (6.272) 
whence 
2aN xe? 
( Cp ees ee 6.2 
= Ax-mc? (6.28) 


Thus the part of the true atomic absorption coefficient due to 
the K electrons is, 

Qe? 3Vx 
me? Ne 


(6. 29) 


TK 


1R. A. Houstoun, Proc. Roy. Soc. Edinburgh, 40, 35 (1920). 
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Introducing similar terms representing the L, M, etc., absorp- 
tion, we obtain the absorption law: 


Q1e2 IN N, 
mel) (8) ad 
mce~ Ax?/ < ee AL? rA< fer \ e 


In view of Moseley’s approximate relation, Z? cc 1/X«, this 
is approximately equivalent to Owen’s law, but now the formula 
involves only 1 arbitrary constant, the exponent of A. If in 
equation (6.17) d? is replaced by 3/8, it will be seen that 
equation (6.29) differs from the corresponding expression 
based on Thomson’s pulse theory only by the numerical factor 
4/x*. 


88. Experimental Tests 


A numerical calculation from equation (6.29) in the case of 
copper, using Nx = 2 and dx = 1.38 X 1078 cm., gives rx = 
2.3 X 10-7! for \ = .54, whereas the experimental value is 
1.7 X 10-!, For the same wave-length absorbed in platinum, 
using N; = 8 and hz = 1.0 X Io-§cm., this equation gives 
1.8 X 10-9 for zz, whereas the experimental value is 1.1 X 
10-#9, Though these differences are too great to ascribe to 
experimental error, one cannot believe that the approximate 
agreement is wholly accidental. 

According to both expressions (6.30) and (6.17), the absorp- 
tion of a definite wave-length in different elements should vary 
inversely as \x?, which is only approximately proportional to 
1/Z*. It is therefore important to see which of these two rela- 
tions is experimentally the more precise. In Table VI-8 I have 
collected typical data from Tables VI-6 and VI-7 to make the 
test for the two wave-lengths 0.2 ando.64. It will be seen that 
the values of r4/Z* remain more nearly constant than does 
ta\x2, and are perhaps constant within experimental error. Thus 
Owen’s empirical form of the absorption law, as expressed by 
equation (6.06), is more precise than an equation of the form 
(6.30) which results from the electromagnetic theory. 

We shall see later (Chapter XII) that on the basis of the 


quantum theory Kramers has derived an approximate expres- 
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sion for the true absorption, according to which 7a is proportional 
to Z* rather than to 1/Ax?. 

Thus here again, though the electron theory as based upon 
the usual electrodynamics helps us in interpreting the absorp- 
tion of X-rays, it fails to give a strictly accurate account of the 
phenomenon. From the fact that the absorbed energy is spent 
in exciting 6 rays, which so far as we are aware is a strictly 
quantum phenomenon, the surprising thing is not that the 
classical theory fails to describe the process accurately. The 
wonder is that the calculations on this basis agree at all with 
the experiments. 


TABLE VI-8 
Hor \ = 9.27 For \ = 0.64 
Ele- AK 

aoe a) Ta ta/Z' TaN” Ta ta/Z* TaNK? 
(X 107%) | (X10%8) | (x 10%) | (x<1078) | (x107”) | (x 10%) 

GE 49.3 0.017 eed Zip 0.419] 3.23 1.02 
vy Ja 7.95 Os 5u 1.78 Ree 1G}. 4.65 84 
26 Fe 1 7RS|| Bae, 1.83 DBR 218 4.65 65 
3o Zn 1.296] 17.5 2.16 2.95 | 399 4.93 67 
42 Mo .618| 61.5 OTT DBS || UO 4.13 49 

so Sn .424| 120. 1.92 Di Obe ols rastece sforee | eerceleaenae TaXL 
N= S595 3) canekerenete eee eae eee 420 67 3.67 

74 W WH) OBES 5H WG 1975 65 2.47 
82 Pb 865] 154. yh Ts 3015 68 5). Gy) 


CHAPTER Vil 


THe REFRACTION oF X-Rays 


89. Introduction 


According to the usual electron theory of dispersion, as de- 
veloped originally by Drude! and Lorentz,? if the frequency 
of the radiation transmitted by a substance is high compared 
with the natural frequency of the electrons in the substance, its 
index of refraction » is approximately 


w= 1 — ne?/20m??, (708) 


where 7 is the number of electrons per unit volume, and e and 
m have their usual significance. This represents an idex of re- 
fraction Jess than unity. Calculating x for glass of density 2.52, 
and using a wave-length of 1.279A, equation (7.01) predicts 
an index of refraction of 1 — (5.2 X 1076), which agrees within 
experimental error with the experimental value 1.— (4.2 X 
10-6), described in Chapter I. 

This agreement between the calculated and the experimental 
values presents several points of interest. In the first place, it 
shows that in the region of X-ray frequencies we are able to get 
a quantitative test of the usual electron theory of dispersion, 
which is very difficult in the region of optical frequencies be- 
cause of the unknown natural frequencies of the electrons com- 
posing the refracting medium. In the second place, by a com- 
parison between the experimental and the theoretical values of 
the refractive index, equation (7.01) affords a means of measur- 
ing the number z of the mobile electrons per unit volume, and 
hence also the number per atom. This calculation is more 

1 Drude, “Theory of Optics,” translated by Mann and Millikan, p. 388. 
2H. A. Lorentz, “The Theory of Electrons,” 2d Ed., p. 149. 
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reliable than that from the scattering of X-rays, since it 1s 
independent of the grouping of the electrons. And third, the 
existence of an index of refraction less than unity, implying as 
it does a wave motion with a velocity greater than that of light, 
presents an interesting problem. Of course refractive indices 
less than unity are found also in the optical region, as for 
example in the case of metals. But the calculation for the X- 
ray frequencies is more significant, because our knowledge of 
the number and relative natural frequency of the electrons 
effective in the refracting medium is more complete. It will 
therefore be of value to consider in some detail the theory of 
X-ray refraction. 


go. Calculation of the Refractive Index 


We shall base our calculation upon the fact that the 
index of refraction is equal to the ratio of the velocity of the 
wave in a vacuum to its velocity in the refracting medium, i.e., 
that, 

hb = c/u. (7202) 


It is well known that Maxwell’s equations of the electromag 
netic field, when applied to a medium of permeability p and 
dielectric constant k, lead to a velocity of wave propagation, 


v = ¢/V pk. (7.03) 


Here c, the ratio of the electromagnetic to the electrostatic 
unit of charge, is also the velocity of light in a vacuum, since 
in a vacuum p and & are by definition unity. When this value 
of v is substituted in equation (7.02), we obtain for the refrac- 
tive index, 


A) 


For the media with which we shall deal, however, especially at 
_ the very high frequencies considered, p is very nearly unity, so 
we may write, 


paw (7.04) 
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By the dielectric constant of a substance we mean the factor 
by which the capacity of a condenser is increased when the 
space between its conducting surfaces is filled with the sub- 
stance. Thus, if the capacity of a parallel plate condenser with 
nothing between the plates is 4/47d, where 4 is the area of 
either plate and d is the distance between them, its capacity 
when the space is filled with a dielectric is k4/4rd, k being the 
dielectric constant. When a potential VY is applied across the 
condenser, the electric intensity between the plates is E = V/d, 
and the charge per unit area is 


Ze 2 (toe) 
ee ad an 1) 

and 
E= ana/k. (7.06) 


Now let us suppose that the electric intensity Z produces an 
electric polarization in the dielectric such that it possesses an 
electric moment P per unit volume. Thus a unit cube of the 
dielectric would act electrically as if it possessed a charge of 
+ Pon one face and a charge of — P on the opposite face, and 
there will be fictitious charges of this magnitude on the surfaces 
of the dielectric next to the conducting plates. If we suppose 
that these fictitious charges are responsible for the dielectric 
properties of the medium, the electric intensity between the 
plates of the condenser is by Coulomb’s law, 


E = 4r(o — P), 


since the total charge at either surface is (¢ — P). Combining 
this with equation (5.12) we get 


and on substituting the value of « given in equation (7.05) 


P= Ze =i), (7.07) 
Aw 
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A polarization of the medium of this magnitude will therefore 
account for its properties as a dielectric. In terms of the polari- 
zation the dielectric constant is thus given by 


Je 
(See = Sy. (7.08) 


The polarization of the medium described by equation 
(7.07) may result from the displacement of the electrons of 
which the medium is composed by the action of the electric 
field. Suppose there exists a group of 7 positive and 7 negative 
electrons in a unit volume which are so distributed that the 
external effect of their charges is zero. If under the action of 
the electric field the negative electrons are displaced a distance 
x, the system becomes equivalent to charges + me and — nea 
distance w apart. The resulting polarization of the medium 1s 
hence 


P= aex: (7.09) 


In the case under consideration, the displacements x of the 
electrons are the forced oscillations of electrons due to the 
electromagnetic wave which traverses the medium. We showed 
in the last chapter (eq. 6.22), that if the natural frequency 
of oscillation of an electron is v. = g/2m, and if the damping 
is negligible, the electron’s displacement is 

Ae cos pt 
i ee. Ae 
GE (7,10) 
Here 4 cos pt = E, E being the electric intensity of the wave 
traversing the electron, and having the frequency v = p/2z. 
Thus, 
E 
x= c : Catan 


c 42M (vo? = y?) 


It will be seen that the displacement of the electron may be in 
either the same direction or the opposite direction to the applied 
field, according as the natural frequency of the electron is 
greater than or less than the frequency of the impressed field. 

If there are v; electrons per unit volume whose natural fre- 
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quency is », the polarization to which they give rise is P, = 
nsexs; and if there are electrons of N different natural frequen- 
cies, the total polarization is 


N N 
Pe Sex: 
1 1 


Ee X n, 


= p> . Gin) 


- AmB Ave — v2) 


The dielectric constant for the frequency » is thus, by equation 


(7.08) 


e2 N n, 


) Ge) 


TM 1 (y,? a py?) 
and from equation (7.04) the refractive index is given by 


ee N n, 


p= ite) 2 ay" (7.14) 


This expression is the equivalent of Sellmeier’s dispersion for- 
mula, which has been found to account in a fairly satisfactory 
manner for the optical dispersion of many substances. 

We have assumed in our derivation of equation (7.14) that 
the force on any electron in the dielectric is equal to Ke, where 
E is externally applied field. It is clear that the force on an 
electric charge within a dielectric is not the same as if the di- 
electric were not present, because of the displacement of the 
electrons of which the dielectric is composed. The forces due 
to the dielectric have been considered carefully by Lorentz.! 
Since in the case of frequencies corresponding to X-rays the di- 
electric constant differs from unity only by about 10~®, the 
correction due to these forces is however negligible for our 
present purpose. 

In view of the fact that » is very nearly equal to unity in the 
case of X-rays, equation (7.14) may be written to a very close 
approximation, 

2 N 
eS ae = 
onm 3 (¥,2 — v?) 


(Fue) 


Merah a 


1H. A. Lorentz, ““The Theory of Electrons,” p. 137 (1916). 
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This expression, when summed for the different types of elec- 
trons in the refracting material, should describe to a very close 
approximation the index of refraction of the medium for X- 
rays. For many of the ordinary refracting media, such as glass, 
rock-salt, etc., there presumably exist no electrons whose 
natural frequencies are comparable with the frequency of 
ordinary X-rays, 1.e., for all the refracting electrons, ».2< <v*. 
In this case (7.15) may be written 


oe ne?/IWamv?, (7A 16) 
N 
where 2 = >”, is the total number of mobile electrons per unit 


1 

volume. This is identical with our equation (7.01), which we 
saw was in close agreement with experiment. If it 1s supposed 
that the natural frequency of the K electrons in the atom is 
equal to the critical K frequency, and similarly for the electrons 
in the other energy levels, calculation shows that the values 
predicted by equation (7.15) do not differ much from those 
calculated from (7.16) except in the immediate neighborhood 
of a critical frequency. 


gl. Significance of a Refractive Index Less than Unity 


It is a well-known corollary of the special theory of relativity 
that no signal can be transmitted with a velocity greater than 
that of light in a vacuum. We have seen, however, that the 
index of refraction of most substances (probably every sub- 
stance) for X-rays is less than unity, which according to our 
fundamental equation (7.02) means a velocity in the medium 
greater than c. This result follows directly from equation 
(7.13), according to which the dielectric constant is less than 
unity for frequencies greater than the natural frequencies of the 
electrons in the medium. It is the fact that in this case the dis- 
placements of the electrons composing the medium are opposite 
in direction to the displacing force (eq. 7.11) which makesk < 1 
and hence v > c. 

That the displacements of the electrons should be opposite 
in direction to the force producing the displacement is at first 
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thought surprising. A mechanical analogy would be the appli- 
cation to a pendulum of a periodic force of frequency greater 
than the natural frequency of the pendulum. If this is done, 
applying the force for example with the fingers, one readily 
verifies the prediction that the displacement is opposite to the 
applied force when » > ». One notices, however, that the 
first impulse imparted to the pendulum displaces it in the 
direction of the applied force; it is only for later impulses that 
the displacement is in the opposite direction. 

Similarly if we solve the differential equation (6.21) for an 
applied force 4e cos pt beginning at the time ¢ = 0 instead of 
t =— o as assumed in equation (6.22), we find that the initial 
displacement of the electron is in the direction of the electric 
force. 

This result means that for the first wave in the train, & is 
always greater than 1, and hence v < c; but for the subsequent 
waves k <1 if » > ». It follows that the wave front neces- 
sarily is propagated through the medium with a velocity less 
than that of light in free space. If the following waves travel 
faster, they must vanish when they reach the front of the wave 
train. Thus while the individual waves may have a velocity 
greater than c, the group of waves, being limited by the front 
of the train, always goes with velocity = c. Our result is there- 
fore consistent with the statement that a signal cannot be 
transmitted with a velocity greater than c. 

A familiar example of the distinction between wave velocity 
and group velocity is that of the waves produced at the bow 
of a boat moving through the water. In this case one can see 
the individual waves, which move faster than the train, form at 
the rear of the train, move gradually to the head of the train, 
and then disappear. 


92. Deviations from Bragg’s Law 


Since the index of refraction differs from unity, when X-rays 
enter a crystal the wave front is altered in direction and the 
wave-length is changed. If within the crystal \’ is the wave- 
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length and 0’ is the glancing angle of incidence on the atomic 
layers, we have, as in equation (1.03), that 
ny’ = 2D sin 6’. Gig), 


But by definition, 
pp = cos 6/cos.0’, 


6 We es LS 
Sin 6 = "—“sin a(1 —iSaee . 
b sind 


whence 


to the first power of 1 — yp. Noting also that \/\’ = wu, equa- 
tion (7.17) becomes ! 
ee ae es 
= 2) sin a( eo a CLs 
The wave-lengths calculated from this expression differ from 
those given by Bragg’s law (1.03) by about I part in 10,000. 
If the crystal is composed only of electrons whose natural 
frequencies are considerably less than that of the incident 
X-rays, as is the case for rock-salt and calcite if \ < 1.5A, we 
may use from equation (7.16), 


se Se?)? 


writing s 1 stead of m as the number of electrons per unit 
volume to avoid confusion. But to a close approximation 
sin 6 = d/2D, whence 


I > 7H 25¢2D? b 
= eee (7.19) 


sin? @ an?mc2—n? 


Thus for a given crystal the correction to Bragg’s law indicated 
by equation (7.18) can be effected by merely multiplying the 
grating space by the factor (1 — 4/n?), that is 


b 
my = 2D sin a(2 = = (7226) 
For rock-salt d = 9.6 X 10-5, and for calcite’ = 1.46 X 10=4, 


* An expression equivalent to this was first given by C. G. Darwin, Phil. Mag. 27, 
318 (1914). See also P. Ewald, Phys. Zeits. 21, 617 (1920). 
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In order to determine the refractive index from such mea- 
surements, it 1s necessary to determine the apparent wave- 
length in two different orders. It then follows from equation 
(7.18) that 
Nil == IND No? 

de Ne? — ny 


ey Sain 0; GReRD) 
where 711 = 2D sin (i, etc., 6: being the observed glancing 
angle for order 1. 

We have already noticed (p. 35) how Stenstrom, using a 
vacuum spectrometer, first discovered the refraction of soft 
X-rays by observing differences in the apparent wave-length 
as measured in different orders, and how his results were con- 
firmed in the region of ordinary X-rays by Duane and Patter- 
son and by Siegbahn. Thus as an example, Duane and Patter- 
son ! found for the Z; line of tungsten, 


M1 — 2 = .OOo1s A, Gio ae einen ad 
he = 1.4734, Nz = 2, 
from which, by (7.21), I — » = 8 X 10726, Similarly for the 
6, and 7; lines the index of refraction resulting from their ob- 


servations is compared in Table VII-1 with that calculated 
from equation (7.16). 


TABLE VII-1 


REFRACTIVE INDEX BY DEVIATIONS FROM Braco’s Law 1n CALCITE 


Line ON I — pu (expt.) 1 — p (theory) 
W Lea 1.4734 Bi olor $< 10-4 
W LB 11 BA) 10 6 
W Ly 1.096 B 4.5 


Results of a similar character, but of higher precision have 
been secured by Hjalmar.? 


1W. Duane and R. A. Patterson, Phys. Rev. 16, $32 (1920). 
2 Hialmar, The Spectroscopy of X-rays, Siegbahn (1925), p. 22. 
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93. Use of the Crystal Wedge 


A modification of this method, which has given precise 
measurements of X-ray refractive indices, has been introduced 
by Davis.! This method consists in grinding and polishing the 
crystal under examination at such an angle that the ray which 
is reflected in the first order enters the crystal surface at a very 
small grazing angle. The result is that when the X-rays strike 
the crystal at the acute angle the beam is considerably de- 
flected, through almost 3 minutes of arc in one experiment. 

A 


Lewes, 


Molecular Planes 


Fic. 89. 


The determinations of the refractive index made by von 
Nardroff? and Hatley? using this method are included in 
Table VII-2. The values in the third column of this table are 
calculated from equation (7.15), which in the case of iron py- 
rites and the copper K lines differs measurably from equation 
(7.16). Von Nardroff finds the most satisfactory agreement 
with his experimental values when the calculation is made for 
2 electrons in the K group, assuming that their natural fre- 
quency is that of the K absorption limit. 

Strong evidence that the effective natural frequencies of 
the electrons are identical with the critical absorption frequen- 
cies is afforded by Hjalmar and Siegbahn’s recent observation 4 
of anomalous dispersion of X-rays. They made a careful com- 
parison of the apparent lattice constants of calcite and gypsum 
for different wave-lengths. The measurements are shown 


1B. Davis and C. C. Hatley, Phys. Rev. 23, 290 (1924). B. Davis and R. von 
Nardroff, Phys. Rev. 23, 291 (1924). 

2 R. von Nardroff, Phys. Rev. 24, 149 (1924). 

3 C. C. Hatley, Phys. Rev. 24, 486 (1924). 

4. Hjalmar and M. Siegbahn, Nature, 115, 85 (1925). 
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graphically in Fig. 90, where values of D,/D»2 = sin 62/sin 01 
are plotted against the wave-lengths. It will be seen that 
there are in the curve two marked discontinuities, which coin- 
cide at least very nearly with the wave-lengths of the absorption 
edges of calcium and sulphur. 


0.39975 


2 i Beer 4 
Wave -Length in Angstréms 
FIG. 90, 


The form of the curve is similar to that anticipated from 
equation (7.15), showing, as the theory predicts, an abrupt 
variation as a natural frequency is passed. 


94. Total Reflection of X-rays' 


Since the index of refraction is less than unity, if the X-rays 
strike a polished surface at a sufficiently large angle of incidence 
they should be totally reflected. A description of this phenom- 
enon has been given in Chapter I (p. I, 40). A series of photo- 
graphs showing this total reflection and the critical angle of 
various substances for \0.808A, very kindly made by Dr. R. L. 
Doan for this illustration, is shown in Fig. gt. From the sharp- 
ness of the critical angles shown in this figure, it is evident that 

1A, H. Compton, Bulletin Nat. Res. Council No. 20, p. 48 (1922); Phil. Mag. 45, 
1121 (1923). B. Davis and H. M. Terrill, Nat. Acad. Sci. 8, 357 (1922). M. Siegbahn, 


Tysisk. Tidskr. 21, 170 (1923). P. Kirkpatrick, Nature, 113, 98 (1924). H. E. 
Stauss, Nature, 114, 88 (1924). N. Carrara, N. Cimento, 1, 107 (1924). 
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a precise determination of refractive index can thus be made. 
From this photograph, 6, the critical glancing angle, 1s 10’ 38” 
for \.708A reflected from speculum metal and since from equa- 
{lon eiers)s 

DD aa ee 29", (7. 22) 
we have 

Loa oe elm, 


with an error which is probably less than 1 per cent. 


A .708 from glass 


A .708 from speculum 


: ee A 1.637 from glass 


ce ia A 1.537 from speculum 
Sage 


FIG. 9I. 
Combining equations (7.22) and (7.16), we find that 


6s ee 


oS SHON (7523) 


1 yy, 
T3M°C 


That is, since s is nearly proportional to the density, the critical 
angle is approximately proportional to the wave-length, and to 
the square root of the density of the reflecting material. 

The specular character of the reflection is illustrated by the 
sharp line due to the reflected ray in Fig. 93, which is totally 
reflected from a glass surface. In some total reflection measure- 
ments using a piece of plate glass, however, the reflected beam 
was found to be diffuse. Apparently both the sharpness and 
the intensity of the reflected image depends upon having a well 
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polished surface. When such a surface is used, 80 or go per cent 
of the rays incident within the critical angle are reflected. 


95. Refraction by Means of a Prism 

The earliest attempts to measure the index of refraction of 
X-rays were by passing the rays through prisms. Not only 
Roentgen, but many later experimenters! have failed by this 


Direct ray 


Prism 


Fic. 92. 


method to detect any deviation of the rays traversing the 
crystal. Recently, however, Larsson, Siegbahn and Waller 2 
have succeeded not only in deviat- 

ing an X-ray beam, but also in ob- 
taining a dispersion spectrum of X- 

rays. The details of their arrange- 

ment are shown diagrammatically 

in Fig. 92, and one of the result- 

ing photographs is shown in Fig. 

93. Their success was due to the ean rete 
fact that their X-rays struck the rays 
face of the prism at a fine glanc- Direct ray 
ing angle, just greater than the 
critical angle for the rays which 
are refracted, whereas most of 
the former experiments had been 
done with the crystal set for mini- 
mum deviation. 


Reflected ray__ 


Frc. 93.—Prism spectrum of X-rays. 
(Siegbahn, Larsson and Walker.) 


1W. C. Roentgen, Ann. d. Phys. 64, 1 (1898). B. Walter, Naturw. Rundschau, 
II, 332 (1896). G. Gouy, Comptes Rendus. 122, 1196 (1896); 123, 43 (1896). J.C. 
Chapman, Proc. Camb. Phil. Soc. 16, 574 (1912). C. G. Barkla, Phil. Mag. 31, 257 
(1916). D.L. Webster and H. Clark, Phys. Rev. 8, 528 (1916). 

2 A. Larsson, M. Siegbahn and I. Waller, Naturious. 52, 1212 (1924). 
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96. Table of Refractive Indices for X-rays 


A summary of the determinations of the index of refraction 
for X-rays which have been made by various methods is given 
in the following table: 


TABLE VII-2 
Inpices or ReFracTion For X-RAYS 
* 

r Substance | * Sie : - oF 0) Observer Method 
.52A | Glass 9 9 Compton Total reflection 
.631 | Glass ag TOS sug || ILO Shwe Wey || letaerae 
.631 | Iron pyrites 2.64 2.87 + .20 | von Nardroff | Crystal wedge 
.708 | Glass TFB WGA ae 16) || IE, Stee VA Prism 
.708 | Calcite 1.84 2.03 + .og | Hatley Crystal wedge 
.708 | Iron pyrites Bau 3-35 + .20 | von Nardroff | Crystal wedge 
.708 |Speculum metal| 4.90 4-77 + .04 | Doan Total reflection 

1.279 | Glass RD AD) Compton Total reflection 
1.279 | Silver 19.8 Ones Compton Total reflection 
1.389 | Glass 6.65 OG = Oly || a Sees Prism 

1.389 | Iron pyrites 13.53 13.2 + .4 | von Nardroff | Crystal wedge 
1.538 | Glass 8.14 od) Se Oy || Bai), (5% WING Prism 

1.538 | Iron pyrites 17.60 17.6 + .5 | von Nardroff| Crystal wedge 
1.750 | Glass 10.5 HOO) SE o7h || Iba Sowa We Prism 

1.933 | Glass 12.8 WA SS ot || dbo Sy WN Prism 


* The calculation is by eq. (7.16) in every case except for silver and iron pyrites, for which 
eq. 7.15 is used. 

The density of the glass is 2.55. 

7 L.S. & W.=Larsson, Siegbahn and Waller. 


97. Significance of the Values of the Refractive Index 


It is interesting that in no case does the experimental value 
of the index of refraction differ from the theorectical value by 
more than may well be experimental error. This quantitative 
confirmation of the dispersion formula carries with it important 
consequences. In the first place, whatever faults the classical 
wave theory of radiation may have as applied to other problems 
which we have considered, it appears to give reliable results 
when applied to the problem of refraction. In view of its partial 
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failure in the closely related problems of scattering and absorp- 
tion of X-rays, this result is significant, and must serve as a 
valuable guide in the development of a complete theory of 
radiation. 

In the second place, we find evidence that there is a definite 
natural frequency associated with the electrons in the inner 
electronic rings, and that this frequency is that of the critical 
absorption limit. It was not at all obvious that this natural fre- 
quency should not be that of, for example, the Ka line. The 
result is, however, in accord with the fact that the absorption has 
a sharp discontinuity at this wave-length. There is, however, 
this difference: Measurements such as the recent ones of Richt- 
myer} show that the absorption limit is exceedingly sharp. 
But experiments by Davis and Slack,? using Siegbahn’s prism 
method, show that the refractive index changes by no means 
so abruptly at this wave-length. For incident frequencies so 
near the critical absorption frequency that equation (7.15) 
would indicate » > 1, experiment shows (CuK & line traversing 
a copper prism) » < 1 as usual. Thus the indications are that 
the branches of the dispersion curve are rounded off and do not 
approach infinity. 

Finally, these measurements afford us with our most direct 
and accurate method of counting the number of mobile elec- 
trons in atoms. In calculating the theoretical value of the index 
of refraction we have assumed that the number of electrons per 
atom is equal to the atomic number. From the precision with 
which the index as thus calculated agrees with the experiments, 
it follows that this assumption is probably correct to within less 
than I per cent. 

The other two most direct methods of counting the number 
of electrons in the outer part of the atom are the study of the 
scattering of alpha particles by atomic nuclei and the measure- 
ment of the intensity of scattered X-rays. It is not obvious 
from first principles that the alpha particle method will measure 
a charge identical with that of the mobile electrons: this will 


1F, K. Richtmyer, Phys. Rev. 26, 724 (1925). 
2B. Davis and C. M. Slack, Phys. Rev. 25, 881 (1925). 
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depend upon how far into the atom the alpha particle pene- 
trates. The intensity of the scattered X-rays, on the other 
hand, though determined by the electrons exterior to the 
nucleus, is a function not only of their number but also of their 
arrangement. The index of refraction is theoretically indepen- 
dent of the grouping of the electrons, and depends upon their 
resonance only to the same extent as does the scattering. It 
is accordingly gratifying that the estimate from refraction 
measurements also indicates that the number of electrons per 
atom which are affected by high frequency radiations is equa] 
to the atomic number. 

Not only can we thus count the total number of electrons, 
we are also afforded a means of determining the number of elec- 
trons associated with the various electron shells. For the mag- 
nitude of the resonance effects observed, when the incident 
frequency is near the natural frequency of some electrons in the 
mirror, depends upon the number of electrons per atom with 
this natural frequency. On this basis, as we have seen, von 
Nardroff has obtained good evidence that there are 2 electrons 
in the K shell of iron. It seems reasonable to hope the further 
studies of this character will give us direct information also 
regarding the number of electrons in the various L and M levels. 


X-RAYS AND QUANTUM THEORY 
CHAPTER Vii 
Tue PuHoroeLectrric Errecr witH X-Rays 


98. The Origin of the Quantum Theory 


The quantum theory had its origin in an effort to account 
for the radiation by black bodies. At the beginning of the 
present century it was recognized that great difficulties stood in 
the way of any satisfactory explanation of the radiation from 
hot bodies according to the usual electromagnetic theory. Lord 
Kelvin spoke of this problem as being one of the dense clouds 
on the horizon of the Physics of that day. It was at about this 
time that Planck proposed the bold view that electromagnetic 
radiation is not emitted or absorbed continuously, but rather 
in units. He succeeded in showing that, if this unit was taken 
to have an energy proportional to the frequency of the radia- 
tion, an expression could be obtained which represented very 
accurately the experimental value of the intensity of hot body 
radiation. On the other hand, more extended investigations of 
the matter from the standpoint of the classical electrodynamics 
by Lord Rayleigh, Poincare and J. H. Jeans served to show 
only more clearly that the older theory was inadequate to 
account for the phenomenon. 


99. Planck’s Quantum Hypothesis 


In the hands of Planck the quantum hypothesis has taken 
various forms. At first he assumed that radiant energy was 
both absorbed and emitted in integral multiples of Av, where vis 
the frequency of the radiation and /1s a universal constant now 
known as Planck’s constant. He later showed that the same 
radiation formula could be derived if it was supposed that radia- 
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tion was absorbed continuously, if only the radiated energy oc- 
curred in quanta magnitude Av. Other writers have postulated 
mechanisms of one form or another which permit absorption in 
a continuous manner by means of oscillators until the energy 
of the oscillator is Av, when radiation may begin. In this way a 
formal reconciliation between the requirements of heat radiation 
and classical electrodynamics seems to be possible. Recognizing, 
however, that some form of discontinuity must be present, 
there has been a strong feeling, stimulated by Einstein, that a 
simpler and more satisfactory form of the quantum postulate 
is that energy must always occur in bundles or quanta of 
magnitude hy.} 

As a consequence of this view, Einstein suggested that the 
atoms in a solid, oscillating as they do with definite natural 
frequencies about their equilibrium positions, should have 
thermal energy which is an integral multiple of 4 times their 
natural frequency. He showed from this assumption that the 
specific heat of solids at low temperatures should approach 
zero—a conclusion contrary to that of the classical kinetic 
theory, which predicts unchanged specific heat as the tempera- 
ture falls. This conclusion was in good accord with experi- 
ments by Nernst and others, which showed that as the absolute 
zero of temperature is approached the specific heat of all solids 
rapidly approaches zero. 

The complexity of the problems of hot body radiation and of 
specific heat is such that it was difficult to prove through them 
the necessity for introducing the quantum concept. For this 
reason, though no adequate solutions of these problems were 
forthcoming on the basis of the older dynamics, many physicists 
remained unconvinced as to the necessity of the quantum 


hypothesis. 


100. Einstein’s Suggestion of Radiation Quanta 


The physical existence of quanta of energy may be said to 
have been established by studies of the photoelectric effect. In 


A more general formulation of the quantum postulate is given in Chapter X. 
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accord with his view that energy must always exhibit itself in 
quanta, Einstein suggested the possibility that radiation may 
consist of discrete bundles of energy of amount /yv, and that 
photoelectrons are produced when such radiation quanta, or 
“light darts” are absorbed by matter. From this hypothesis 
he predicted! that the kinetic energy with which photo- 
electrons are ejected from a metal by light, when corrected for 
the energy required to remove the electron from the metal, 
should be given by the expression, 


imu? = hv — W, (8.01) 


where w is the energy necessary to remove the electron, and 4 
is again Planck’s constant. It was seven years before experi- 
ments by Richardson and Compton ? and by Hughes ? showed 
that the energy of the emitted electrons was indeed propor- 
tional to the frequency less a constant, and that the factor of 
proportionality was close to the value of / calculated from 
Planck’s radiation formula. Following this work came in rapid 
succession Bohr’s remarkably successful quantum theory 4 
of the spectrum of hydrogen, the discovery by Duane and 
Hunt * and others (p. 27) that the continuous X-ray spectrum 
has a sharp upper limit given accurately by 


hinax = eV, (8.02) 


where V is the potential applied to the X-ray tube, and Milli- 
kan’s precise determination of 4 from photoelectric experiments 
with the alkali metals.© That the constant 4 has a definite 
physical significance could no longer be denied. 

The question confronting us is no longer the justification of 
the quantum postulate, but rather what is the relation of the 
quantum to the usual concepts of dynamics and electrody- 
namics. This question we are as yet unable to answer com- 

1 A. Einstein, Ann. d. Phys. 17, 145 (1905). 

20, W. Richardson and K. T.Compton, Phil. Mag. 24, 575 (1912). 
3 A. L. Hughes, Phil. Trans. A. 212, 205 (1912). 

4N. Bohr, 1913 (cf. p. I 30). 

5 W. Duane and F. L. Hunt, Phys. Rev. 6, 166 (1915) (cf. p. 27). 
6R. A. Millikan, Phys. Rev. 7, 18 and 355 (1916). 
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pletely; but progress towards its solution may be made by 
studying the application of the quantum point of view to 
specific problems. Before reconsidering from this standpoint 
the problems which have been treated in earlier chapters on 
the basis of the classical theory, let us look into the properties 
of the photoelectrons ejected by X-rays, whose very existence 
is an anomaly when we consider X-rays as electromagnetic 
waves. 


101. Beta Rays Excited by X-rays 


It was observed by Perrin ! and by Curie and Sagnac,? early 
in the history of X-rays, that when these rays fall on solid 
screens a type of secondary radiation is emitted which is nearly 
completely absorbed in 1 mm. of air. Dorn? showed that this 
radiation consisted of negatively charged corpuscles which 
could be deflected by a magnetic field; and assuming the same 
ratio of e/m as that of the cathode rays, he found that the 
velocities of these secondary particles were of the order of oth 
the velocity of light. We shall call these high speed electrons 
‘beta rays” or “ beta particles.” 


102. Methods of Experimental Investigation 


The presence of beta rays can be detected by allowing X- 
rays to fall on a plate insulated in a good vacuum. The plate 
is then found to acquire a positive charge, due to the emission of 
the secondary electrons. The effect is thus strictly analogous to 
the photoelectric effect observed with light. 

A second method of investigation is to make use of the 
ionization produced by the beta rays. Thus, it is found that 
if X-rays strike a solid substance placed in a gas, the ion- 
ization in the neighborhood of the solid is much more in- 
tense than that elsewhere in the gas. The region of intense 
ionization, being determined by the range of the beta rays, may 

1 Perrin, Ann. de Chim. et Phys. (7), vol. 2, p. 496 (1897). 


> Curie and Sagnac, Jour. de Phys. (4), vol. 1, p. 13 (1902). 
’ Dorn, “ Lorentz Jubilee Volume,” p. 595 (1900). 
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be varied by changing the pressure of the gas. Thus, since the 
ionization due to the absorption of the X-rays in the gas is 
proportional to the pressure P, the total ionization J, if the 
second electrons are completely absorbed, is given by 


= OPE T,, 


where the constant of proportionality C can be determined by 
experiment, and J, represents the ionization due to the photo- 
electrons from the solid. Thus 


eG. (8.03) 


Theoretically this method is open to the objection that it does 
not distinguish between photoelectrons and secondary X- 
radiation of very soft type. Under ordinary conditions, how- 
ever, the ionization due to the electrons is so much greater than 
that due to the very soft secondary X-rays that no confusion is 
apt to arise. This method is a convenient one, and has been 
much used. 

In many respects the most satisfactory method of studying 
these secondary beta rays is the beautiful one devised by 
C. T. R. Wilson,! in which the tracks of the individual particles 
are rendered visible by condensing water droplets on the 1ons 
formed along their paths. By this means it 1s possible to count 
accurately the number of secondary electrons emitted, study 
their distribution, and make measurements of their range in 
air. If two simultaneous photographs are taken at right angles 
with each other, by the method described by Shimizu,? the 
exact shape and total length of the paths may also be deter- 
mined. 

A very useful method of counting the number of beta rays 
has been developed by Geiger * and others.4 This device con- 
sists of a needle point which is surrounded by a conducting 

1C. T. R. Wilson, Proc. Roy. Soc. 87, 277 (1912). 

2'T. Shimizu, Proc. Roy. Soc. 99, 425 (1921). 

3H. Geiger, Verh. d. D. Phys. Ges. 15, 534 (1913). 

4A. F. Kovarik and L. W. McKeehan, Phys. Zeitschr. 15, 434 (1914); Phys. Rev. 


6, 426, 1915; 8, 574 (1916). A. F. Kovarik, Phys. Rev. 13, 272 (1919). W. Bothe 
and H. Geiger, Zeits f. Phys. 32, 639 (1925) e¢ al. 
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envelope at about + 1800 volts or — 2400 volts (in air). When 
a beta particle traverses the enclosed air, producing ions, a 
sudden surge of current passes through the chamber, which is 
large enough to detect directly with a string electrometer, or 
to amplify by means of three electrode tubes. 

For investigating the velocities of the beta rays excited by 
X-rays, the method of photographing their magnetic spectrum 
has given the best results. For this purpose, the arrangement 
employed first by Robinson and Rawlinson ! is very satisfac- 
tory. This arrangement is illustrated in Fig. 94. 


A flat, air-tight, brass box having a window S' for the admission 
of the primary X-rays, is evacuated and placed between the 
poles of a large electromagnet. Secondary electrons from the 
radiator R go out in all directions, and those passing through 
the slit F have their paths bent around by the magnetic field to 
some point P on a photographic plate. The geometrical 
arrangement is such that all electrons emitted with the same 
speed from a certain point on R, and passing through the slit F 
will fall on the same line at P. From the position of this line 
the radius of curvature can be determined, and the velocity » 
of the electrons responsible for the line may be calculated from 
the formula, 


e 
US RE (8.04) 


1 Robinson and Rawlinson, Phil. Mag. 28, 277 (1914). 
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where K is the radius of curvature, H is the effective strength 
of the magnetic field, and e and m have their usual signifi- 
cance. 


103. Photoelectrons and Recoil Electrons 


When a study of the beta particles is made by the cloud 
expansion method, it is found that X-rays of a given frequency 
eject particles of two types, easily distinguishable from each 
other by the fact that the range of one type is much greater 
than that of the other.! Examples of these two types of beta 
rays are shown in Figs. 95, 96, and 97. In Fig. 95 there appear 
4 long tracks of the first type, and also, originating in the 
path of the primary beam, 3 tracks of the second type which 
are so short that they appear as spheres. In obtaining Fig. 96, 
X-rays of somewhat shorter wave-length were used, so that 
both types of tracks are longer, some of those of the shorter 
type now being of measurable length. When X-rays of yet 
shorter wave-length are used, asin Fig. 97, the tracks of the 
second type rapidly increase in length, and greatly outnumber 
the longer ones. 

Measurements of the range in air show ? that the tracks of 
the longer type are produced by electrons ejected with an 
energy only slightly less than the quantum Ay, as is to be 
expected according to Einstein’s photoelectric equation (8.01). 
It is thus highly probable that their mode of origin is identical 
with that of the photoelectrons ejected from alkali metals by 
light. These long range particles are accordingly called photo- 
electrons, whether ejected by light, X-rays or y-rays. 

The lengths of the shorter tracks produced by X-rays 
correspond to electrons having energies usually less than to per 
cent of a whole quantum /y, so that they must originate in a 
different manner from the photoelectrons. It is found? that 
the number of these short beta rays 1s approximately equal to 


1C. T. R. Wilson, Proc. Roy. Soc. 104, I (1923). W. Bothe, Zeits. f. Physik, 16, 
CON 20, 237 (1923). 
C. T. R. Wilson, loc. cit. 
3 A. H. Compton and A. W. Simon, Phys. Rev. 25, 306 (1925). 
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the number of quanta of X-ray energy scattered by the air 
in the expansion chamber, which means that they must be 
somehow associated with the scattering of X-rays. In the next 
chapter we shall show that we can accurately describe their 
properties on the assumption that when a quantum of X-rays 
is scattered it is deflected by a single electron. The change in 
momentum of the X-ray quantum due to its change in direction 
is balanced by a recoil of the electron which deflects the quan- 
tum, and which is itself ejected from the atom, forming a beta 
ray. We may therefore call beta particles of the shorter type, 
recoil electrons. 

In this chapter we shall confine ourselves to a discussion of 
the properties of the beta rays of the photoelectron type. 


104. Speed of the Photoelectrons 


We have mentioned above (pp. 223 and 226) the experi- 
ments which have shown that Einstein’s equation (8.01) gives 
accurately the maximum speed of the photoelectrons ejected 
from metals by light. In the X-ray region the studies of Innes! 
Sadler,? Beatty,? Whiddington,* and Moseley ® taken together 
showed ® that the maximum energy of electrons ejected by X- 
rays of frequency vis very nearly equal to Av. This is evidently 
in accord with the photoelectric equation, since the fastest elec- 
trons will come from near the surface of the atom where w» is 
negligible compared with A» for X-rays. 

From measurements of the ionization of gases by X-rays, 
Barkla and Shearer 7 were led to the conclusion that all X-ray 
photoelectrons, from whatever part of the atom they are 
ejected, have on leaving the atom a speed corresponding to a 
whole quantum of the incident radiation. Richardson 8 called 

1P. D. Innes, Proc. Roy. Soc. 79, 442 (1907). 

2 C. A. Sadler, Phil. Mag. 19, 337 (1910). 

3 R.T. Beatty, Phil. Mag. 20, 320 (1910). 

4R. Whiddington, Proc. Roy. Soc. 86, 360 and 370 (1912). 

5H. G. J. Moseley, Phil. Mag. 27, 703 (1914). 

°O. W. Richardson, “ The Electron Theory of Matter,” (1914) Chap. XIX. 


7 C. G. Barkla and G. Shearer, Phil. Mag. 30, 745 (1915). 
80. W. Richardson, Proc. Roy. Soc. 94, 269 (1918). 
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attention to the surprising nature of this conclusion, since if 
each photoelectron represents the absorption of energy Av, we 
should expect the kinetic energy of the photoelectron to be less 
than this by the very considerable amount of energy required 
to remove the electron from its parent atom. Some experi- 
ments by Simons ! on the range of the X-ray photoelectrons in 
thin screens suggested that different groups of velocities were 
present, corresponding to different energy losses by the elec- 
trons ejected from different parts of the atom. The existence 
of beta rays of these energy groups was finally established in a 
series of beautiful experiments by de Broglie? in the X-ray 
region and by Ellis in the region of y-rays, both using the 
magnetic spectrometer. 


Fic. 99. 


Two of de Broglie’s photographs, showing the beta ray 
spectra from a silver screen traversed by X-rays from a tung- 
sten target, are reproduced in Figs. 98 and gg. The two figures 
differ in that the magnetic field was stronger for Fig. gg. Each 
of the lines appearing in these photographs can be ascribed to 
electrons from some definite energy level of silver excited by 
some definite spectrum line. Thus the prominent double line 


1, Simons, Phil. Mag. 4, 120 (1921). 

2M. de Broglie, C. R. 172, pp. 274, 527, 746 and 806 (1921); Jour. de Phys. et 
Radium 2, 265 (1921). 

3C, D. Ellis, Proc. Roy. Soc. 99, 261 (1921). 
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4 is due to electrons ejected from the K level of silver by the 
Ka doublet of tungsten. De Broglie calculates the velocities to 
be expected in this case from Einstein’s photoelectric equation 
written in the form 


TO = ') = py hives (8.05) 


where ; is the velocity of the particle, » the frequency of the 
incident X-rays and yp the critical frequency of the energy level 
from which the photoelectron is ejected. He finds that the 
relativity expression for the kinetic energy (see eq. (21), 
Appendix II) must be used for these high speed electrons in- 
stead of the approximate expression 3mv? which is_ satisfac- 
tory for the low speed electrons ejected by light. Combining 
equations (8.04) and (8.05) and solving for RA in terms of the 
known values of » and vp, de Broglie finds that for the line pro- 
duced by electrons from the silver K level excited by the tung- 
sten Kai rays, i.e., for the Ka/”— KAg line, KH-198630, 
where as the experimentally determined value of RH is 631. 
In a similar manner, line 1 of Fig. 98 is identified with the 
KaAg — LAg line, produced by electrons from the silver L 


level excited by the fluorescent Ke rays from silver. 


105. Determination of Energy Levels 


Having thus established the validity of equation (8.05), 
measurements of the electron speeds Bc can be applied to 
determine the critical frequencies », of the energy levels if » is 
known, or to determine the unknown frequency » of the incident 
radiation if v» is known. Robinson ! has thus found the energy 
or critical frequency of the outer shells of many atoms. He 
uses the K line of copper to excite the photoelectrons from thin 
films of the substance under 1 investigation, and obtains a large, 
comparatively uniform magnetic field by means of a pair of 
Helmholtz coils. The accuracy of his results probably exceeds 


1H. R. Robinson, Proc. Roy. Soc. 104, 455 (1923); Phil. Mag. so, 241 (1925). 
Cf. also R. Whiddington, Phil. Mag. 43, 1116 (1922). 
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in many cases that of the values calculated from the observed 
wave-lengths by help of the combination principle. 


106. Wave-lengths of y-rays 


In the hands of Ellis,t Thibaud ? and others # the magnetic 
beta ray spectrometer has given important knowledge of wave- 
lengths of y-rays, which can be measured only with difficulty 
if at all by the crystal spectrometer. The energy level from 
which the electrons are ejected can be determined by comparing 
the spectra of the photoelectrons from two different elements 
such as lead and tungsten. It is found that the difference of the 
beta ray energies in the two cases is equal to the difference in 
the energies of the corresponding K shells. Thus the frequency 
of the y-rays is calculable from equation (8.05) if »» is taken as 
the critical K frequency of the element from which the electrons 
are ejected. In Table VIII-1 are given some of the y-ray wave- 
lengths which have thus been determined. 

By comparing the velocities of the photoelectrons ejected 
by y-rays from different elements, Thibaud (loc. cit.) has shown 
that the photoelectric equation (8.05) holds with precision even 
for electrons of the highest speed. This constitutes also an 
important test of the relativity expression for the kinetic energy 
of a rapidly moving particle. 


107. Compound Photoelectric Effect 


Wilson # and Auger ® have recently shown by the cloud ex- 
pansion method that very often not only one but a group of as 
many as four photoelectrons may be ejected simultaneously 
from a single atom. A photograph showing this remarkable 
phenomenon is reproduced in Fig. 100, It would seem that the 
initial action of the X-ray quantum is to eject an electron from 

1C. D. Ellis, Proc. Roy. Soc. 100, 1 (1922); Proc. Cainb. Phil. Soc. 22, 369 (1924). 

2 J. Thibaud, C. R. 178, 1706 (1924); 179, pp. 165, 1053 and 1322 (1924). 

3 Ellis and Skinner, Proc. Roy. Soc. 105, 165 and 185 (1924); L. Meitner, Zeits. 
f. Phys. 11, 35 (1922); Black, Proc. Roy. Soc. 106, 632 (1924). 


4C. T. R. Wilson, Proc. Roy. Soc. 164, 192 (1923). 
5 P, Auger, C. R. 180, 65 (1925); J. de Phys. et Radium, 6, 205 (1925). 


234 X-RAYS AND ELECTRONS 


perhaps the K level of a krypton atom. The vacancy in the K 

level may be filled by an electron falling from an ZL level, and 

the resulting Ka ray may eject from the same atom another 
TABLE VIII-1 
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1L. Meitner, Zeits. f. Phys. 17, 54 (1923). 

20. Hahn and L. Meitner, Zeits. f. Phys. 26, 161 (1924). 

°C. D. Ellis and W. A. Wooster, Proc. Camb. Phil. Soc. 22, 853 (1925). 
| len Meitners Zeitsat. Rhys. 10.315 (1922). 

5 J. Thibaud, Thesis, Paris (1925). 

SL. Meitner, Zeits. f. Phys. 34, 815 (1925). 


electron from an Z level. Two L rays may now be produced by 
electrons falling into the two vacancies in the L shell, and these 


may in turn eject two electrons from the M or outer levels of 
the same atom. Thus the single initial quantum produces 4 
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photoelectrons of varying velocities. From a study of their 
ranges, Auger has shown experimentally that the energy of all 
these beta rays taken together is no greater than that of the 
original quantum. 

This compound photoelectric effect is perhaps the explana- 
tion of the small change observed in the ionization current of a 
Bragg spectrometer on the two sides of the absorption limit of 
iodine when the ionization chamber is filled with methyl iodide. 
It had been supposed that when the characteristic K rays of 
iodine are excited, they would carry with them into the walls of 
the chamber much of the energy of the primary beam. The 


Fic. 100. 


fact that experiment shows only a very small reduction in the 
ionization as the wave-length becomes shorter than the iodine 
K limit must mean that a large part of the resulting K radiation 
never escapes from the atom from which the photoelectron is 
ejected. A similar phenomenon occurs in the case of the beta 
rays from radioactive substances, where it is found that y-ray 
starting from the nucleus of the atom very often spends itself 
in ejecting a photoelectron from the same atom.! 


108. Spatial Distribution of the Photoelectrons 


Experiments by the cloud expansion method have shown ? 
that the most probable direction in which the photoelectron is 
1M. de Broglie and J. Thibaud, C. R. 180, 179 (1925). 
2 A. H. Compton, Bulletin National Res. Coun. No. 20, p. 25 (1922). C. T.R. Wil 
son, Proc. Roy. Soc. 104, 1 (1923). F. W. Bubb, Phys. Rev. 23, 137 (1924). P. 
Auger, C. R. 178, 1535 (1924). 
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ejected from an atom is nearly the direction of the electric 
vector of the incident wave, but with an appreciable forward 
component to its motion. There is, however, a very consider- 
able variation in the direction of emission. If, for example, we 
plot the number of photoelectrons ejected at different angles 
with the primary beam we find, according to Auger,! the dis- 
tribution shown in Fig. 101. Each of these three curves, taken 
at a different potential, represents the distribution of about 200 
photoelectron tracks. It will be seen that as the potential on 
the X-ray tube or as the frequency of the X-rays is increased, 


IRE, UCN, 


the average forward component of an electron’s motion in- 
creases. Fig. g5 shows in a striking manner the fact that most 
of the photoelectrons initially have a forward component to 
their motion. 

When polarized X-rays are used, there is a strong preponder- 
ance of the photoelectrons in or near the plane including the 
electric vector of the incident rays. Thus Fig. 102 shows the 
distribution found by Bubb? of the direction of the photo- 
electrons ejected from moist air when traversed by X-rays that 
have been polarized by scattering at right angles from a block of 
parafin. Due to multiple scattering in the paraffin we have 


uJ. de Phys. et Rad. 6, 205 (1925). 2 F. W. Bubb, loc. cit. 
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seen (p. 68) that the scattered rays are not completely 
polarized, and this is probably sufficient to account for the fact 
that some photoelectrons appear to start at right angles to the 
plane of the electric vector. This effect is doubtless similar 
in character to the “ selective photoelectric effect,” in which 
the number of electrons ejected by light from the liquid surface 
of sodium-potassium alloy is greater when the electric vector 
is in a plane perpendicular to the surface than 
when parallel to the surface.' 

It was at one time supposed also that when 
light traverses thin films of metal the photo- 
electrons are given a motion with a forward 
component similar to that shown in Fig. to1 
for the X-ray photoelectrons. Thus Stuhlman,? 
Kleeman ° and others have found that if a thin H 
metallic film is deposited on quartz more photo- 
electrons are ejected if the light passes from 
the quartz into the metal than if it passes from 
the metal into the quartz. It has been shown 
however by Partzsch and Hallwachs+ that 
this effect is due largely and perhaps wholly 
to the fact that a greater part of the energy 
of the light 1s absorbed by the metal film 
when the light enters from the quartz side 
than when it enters from the free surface. The result is that the 
total number of electrons produced is greater when the light 
enters from the quartz into the metal. There is thus no con- 
vincing evidence that when ordinary light is absorbed by an 
atom the resulting photoelectron has any greater tendency to 
move forward than backward. 

An effect analogous to this has long been known with the 
beta rays produced when matter is traversed by gamma rays. 
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1R. Pohl and P. Pringsheim, Verh. d. Deutsch. Phys. Ges. 13, 474 (1911). H. E. 
Ives, Astrophys. J. 60, 209 (1924). 

20, Stuhlman, Phil. Mag. 20, 331 (1910); 22, 854 (1911). 

3R. D. Kleeman, Nature, May 19, Igto. 

4A. Partzsch and W. Hallwachs, Ann. der Phys. 41, 247 (1913). 
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Most of these beta rays are undoubtedly, however, electrons of 
the recoil type, and will be discussed in the next chapter under 
that head. 

In the case of X-rays the longitudinal asymmetry was ob- 
served by ionization methods ! before it was found in the cloud 
expansion photographs. Owen finds ? that the degree of asym- 
metry does not differ for thin screens of different substances, 
and that the physical state has no appreciable effect. 


HOW ARE THE PHOTOELECTRONS PRODUCED? 


109. Inadequacy of Electromagnetic Waves 


Before discussing the production of photoelectrons from the 
standpoint of radiation quanta, let us see what success meets 
the attempt to account for them on the basis of electromagnetic 
waves. The fact that they are emitted approximately in the 
direction of the electric vector would suggest that the photo- 
electrons are ejected by the direct action of the electric field of 
the incident rays. If this were the case, however, we should 
expect the speed of the ejected electrons to be greater for greater 
intensity of radiation, whereas experiment shows that for the 
same wave-length intense sunlight ejects an electron no faster 
than does the feeble light from a star. Furthermore, the energy 
available from the electromagnetic wave is wholly inadequate. 
Thus in a recent experiment performed by Joffe and Dobron- 
sawov ? X-rays were produced by the impact on a target of 
1o* to 105 electrons per second. Since an X-ray pulse is of the 
order of 10% waves in length (p. 55) or 10-46 seconds in 
duration, the X-ray pulses must have followed each other at 
widely separated intervals. It was found, however, that photo- 
electrons were occasionally ejected from a bismuth particle 
which subtended a solid angle not greater than 10-5. It is 
clearly impossible that all the energy of an X-ray pulse which 

1C. D. Cooksie, Nature 77, 509 (1908); Phil. Mag. 29, 37 (1912). R. T. Beatty, 
Proc. Camb. Phil. Soc. 15, 492 (1910). 


2K. A. Owen, Proc. Phys. Soc. 30, 133 (1918). 
5 A. Joffe and N. Dobronsawov, Zeits. f. Phys. 34, 889 (1925). 
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has spread out in a spherical wave should spend itself on this 
bismuth particle. Thus on the wave theory the ejection of the 
photoelectron, which has almost as much energy as the original 
cathode electron, could not have been accomplished by a single 
pulse. It cannot therefore be the direct action of the electric 
vector of a wave, taken in the usual sense, which has thrown 
out the electron. 

We may assume on the other hand that the energy is grad- 
ually absorbed in the bismuth particle of Joffe’s experiment 
until an amount Ay has accumulated, which is then spent in 
ejecting the photoelectron. Though it is difficult to imagine a 
mechanism whereby such energy storage could be accomplished, 
we can hardly call the process impossible. New difficulties 
however arise. Why do the photoelectrons tend to start in the 
direction of the electric field of the incident wave? If we sup- 
pose that it is the action of the wave which exerts the final force 
required to liberate the electron, we are unable to explain why 
there exists a tendency for the electron to start with a large 
component, in a forward direction. The accumulation hypoth- 
esis is thus also open to serious difficulties. 

It is apparent that in order to account for the transfer of 
energy first from the cathode electron to the X-ray, and then 
from the X-ray to the photoelectron, we must either give up 
our old view that the X-ray consists of a spherical wave or 
abandon the doctrine of the conservation of energy. To Bohr, 
Kramers and Slater it at one time seemed the more probable 
view to suppose that energy was not conserved in the produc- 
tion of photoelectrons. They supposed! that on the average 
the energy absorbed from the beam of radiation would be equal 
to the average energy appearing as photoelectrons, but that 
any individual photoelectron would start as though it had 
suddenly received this energy without removing this energy 
from the remainder of the system. That is the energy would 
be conserved statistically, but not during the ejection of an 
individual electron. We see that with this assumption the 
motion of the photoelectrons may be the same as if they were 

1N. Bohr, H. A. Kramers and J. C. Slater, Phil. Mag. 47, 785 (1923). 
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ejected by radiation quanta, while the idea of radiation in the 
form of spherical waves may still be retained. It is accordingly 
difficult to devise an experiment with photoelectrons which will 
distinguish between this view and that of radiation quanta.! 
We shall see, however, that such a crucial experiment can be 
performed with scattered X-rays and recoil electrons, and that 
the decision is in favor of the radiation quantum hypothesis. 


110. Photoelectrons and Radiation Quanta 


Let us consider what happens when a radiation quantum 
gives up its energy and its momentum to a system consisting 
of an electron and the remainder of the atom of which the 
electron is initially a part. We shall suppose that both the 
energy and momentum of the system are conserved, and for 
sake of simplicity shall imagine that the electron and the atom 
are initially at rest and that it requires no energy to free the 
electron from the atom. These conditions supply the following 
energy equation 


ee ages =~ ss ') AMV (xe) 


1 Since this was written Bothe has performed an experiment based upon the photo- 
electric effect which favors the hypothesis of radiation quanta. Phys. Zeits., 1926. 
Fluorescent Ka radiation from a thin copper foil is excited by the incident X-rays. 
The emitted rays are so feeble that only about 5 quanta of energy are radiated per 
second. Two Geiger point counting chambers are mounted one on either side of the 
copper foil, in each of which an average of 1 photoelectron is produced and recorded 
for about 20quantaradiated by the foil. Theexperiment thus resembles that described 
on page IX. 23. 

If we assume that the fluorescent radiation is emitted in quanta of energy but pro- 
ceeds in spherical waves in all directions, there should thus be about one chance in 20 
that the recording of a photoelectron in one chamber should be simultaneous with the 
recording of a photoelectron in the other. On the idea that each quantum of radia- 
tion proceeds in a definite direction, however, there is no reason to anticipate such coin- 
cidences. 

The experiments showed no coincidences other than those which were explicable 
by such sources as high-speed beta particles which traverse both chambers. ‘This is 
in accord with the directed quantum theory of radiation. 

This experiment is not, however, by itself a decisive test of the theory of Bohr, 
Kramers and Slater. For they might consistently predict continuous “virtual radia- 
tion” from the copper foil, so that the photoelectrons should appear at random inter- 
vals in the counting chambers, just as the experiments indicate, 
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where £c is the final speed of the electron, Mis the mass and V 
the final speed of the atom. Since the momentum of a radia- 
tion quantum is Av/c (cf. Appendix I, eq. 5), we have also 
three momentum equations, thus: 


xX roe phi + Ph (8.07) 
ve Oo = pm, + Pm: (8.08) 
v5 Oo = pm + Pm, (8.09) 


where p is the final momentum of the electron, and P is that of 
the atom, 1.e., 


MBC 
Sp 8. 
ae (8. 10) 
and 
P=MP. (Ser) 
Also for the direction cosines we have 
l2+m2+ n2 = 1, (8.12) 
and 
lo? + mo? + no? = Min (8.13) 


We have here Io quantities to be determined, B, V, p, P, 
1, m1, 11, l2, m2, M2, and 8 equations. To obtain a solution we 
need two more equations, which can only be supplied by making 
some further assumption regarding the manner in which the 
quantum acts on the atom. Probably the simplest such 
assumption that can be introduced is that used by Bubb! to 
account for the distribution of the photoelectrons shown in 
Fig. 102. We shall state it in the form that the impulse im- 
parted to the atom is in the direction of the electric vector.? If 

1, W. Bubb, Phys. Rev. 23, 137 (1924). 

2 A consideration of the radiation pressure exerted according to the classical electro- 
magnetic theory gives important suggestions as to the manner in which the forward 
impulse may be imparted to the electron. Take the simple case of a wave propagated 


along the X-axis whose electric vector is E, = 4 cos pt traversing an electron which 
though free moves against a frictional force 2km dy/dt. The equation of motion is 


dy 


iy = de cos ph. (1) 


d’y cay 
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we consider an incident ray which is polarized with its electric 
vector along the Y axis, this supplies the additional equations, 


b =o and y= 0. (8.14) 


After the transient motion has died out, the displacement at any time is then 


y =— A’ cos (pt + 9), (2) 
where 
A’ = Ae/mp’, 
and 


6 = tan 12k/p = 2k/p, 
WY fe CS oh, 


The effect of the magnetic field is to exert a force of magnitude H,-dy/dtalong the 
¢ 


X-axis, where H, is in e.m.u. and is also equal to 4 cos pt. Thus at any instant the 
magnetic vector exerts a force in the direction of propagation of the wave, of magni- 
tude 


F, = A cos pt-A'p sin (pt + 5), 
i$ 


using the value of dy/dt given by equation (2). But 
sin (pt + 8) = sin pt cos 6 4+ cos pi sin 6 


= sin pl + 6 cos pt, 
since 6 < <1. Thus 


- = 


Fy, = Aare (sin pt cos pt + 6 cos? pf). (3) 
c 


The average value of this force over a complete cycle is 


= pe Pp 2n/p 2x/p ] 
EE; = AA = J sin pt cos ptdt + af cos? plat } 
oO {a} 


¢ ln | 
(4) 


It will be seen from this that if there were no friction, 6 would be zero and the force due 
to the magnetic field would be half of the time forward and half of the time backward. 
It is only when the field does work on the electron, as against the frictional force, that 
an average forward force on the electron exists. 

The rate at which work is done against the frictional force is 


d dy d 
P= pet = nko 
dt dt dt 


= 2km+ A’ >p? sin? (pt + 4), 
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With as many equations as unknowns the problem can now be 
completely solved. 

Combining equations (8.13) and (8.14) we obtain mz = 1, 
which means that the atom proceeds along the Y-axis. From 
(8.09) and (8.14) it follows that m1 = 0, whence the photo- 
electron is ejected in the XY plane. From equation (8.08), 
since M2 = I, 


p=— Pim, (8.15) 


that is, p is greater than, but of the same order of magnitude, as 
P. To find how the kinetic energy is distributed between the 
atom and the electron, let us write this energy in terms of the 
momentum. From (8.10) it follows that 


I A. ii 
I pee © lah Gee? 
or if we write 
b = p/me, (8.16) 


and the average ratio of work or power is 


2r/p 


P= PB cakmpta sin? (pt + 6)dt 
Tv 
oO 


= A konp? (5) 
Expressing 4’ in terms of 4, this becomes 
P = Ae*k/mp?. (6) 


This is the average energy absorbed per unit time by the electron. 

The impulse, or change in momentum, per unit time is identical with the average 
force, which is given by equation (4). Writing 4’ and din terms of 4,k and 9, this 
becomes 

PF = A#ek/mp*c. (7) 
Thus 
F/ P= 3/0, (8) 


is ratio of the momentum to the energy imparted to the electron, in accord with equa- 
tion 25 of Appendix I. 

Regarding the positive nucleus, because of its large mass its motion is relatively 
sluggish, and the magnetic force is by equation (7) much less than that on the electron. 
Thus the impulse received by the positive nucleus will be negligible. It thus appears a 
reasonable assumption that the momentum imparted to the positive part of the atom 
by a radiation quantum is likewise negligible as compared with that imparted to the 
electron. 
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then 
I 


I — 6 


and the kinetic energy of the electron is 


=a tw, (oxy) 


ee me — 1) = me2(V1 + 2 — 1) (8.18) 


= 4c — 1 22). (8.19) 
Similarly the kinetic energy of the atom is 
T, = MV? = 3 P27M, 


or if we define a quantity 


Bz P/me, (S226) 
then 
l= ay ne Be. (eon) 


But from equation (8.15) it follows that B = 4. Comparing 
(8.19) and (8.21) we see therefore that T, is less than T, by a 
ratio of the order of m/M. Since this is a ratio of the order of 
10-4, we can without appreciable error neglect the second term 


on the right hand side of equation (8.06). We thus have 


me Fam — :) ey. (8°29) 


li 


\ 


which is the form that Einstein’s equation (8.05) takes for this 
case, though we recognize that this expression neglects the 
small amount of energy spent in setting the atom in motion. 

The direction of ejection of the photoelectron is given by 
equation (8.07) as 


= 
pe 
since 4) = 0. Writing p = dmc as before, this becomes 
I hy 
are. 


= a/b, (8. 23) 
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where we define 


andl elie: (8.24) 


But from equation (8.22) it follows that 


I 
—————— I ) 
Wi eos ii 
and comparing this with (8.17) we find that 
b=V 20 + 2. (S220) 


Expression (8.23) thus becomes ! 
Ah = 1/V1 + 2/a. (8. 26) 


If we call 6 the angle between the direction of propagation of 
the incident X-ray and the direction in which the photoelectron 
is ejected, we thus have 


cos@=/ = 1/V1 + 2/a 
or . (8.27) 


tan 6 = V2/a 
In calculating the angle from this expression it is convenient 
to note that a may be written as 
a=y7/r (8.28) 
where 


a= Li 0.0243A. (8.29) 
me 


We see that ais small compared with unity except for very hard 
X-rays and y-rays. Thus equation (8.27) predicts for ordi- 
nary X-rays an expulsion at nearly go degrees. The following 
table shows the angles to be anticipated for different wave- 
lengths. 

1This expression has been derived from similar considerations by F. W. Bubb, 
Washington Univ. Studies, 11, 161 (1924); Phil. Mag. 48, 824 (1925). W. Bothe, 
Zeits. f. Phys. 26, 74 (1924). P. Auger C. R. 178, 929 (1924). Considerations of this 


character appear to have been applied to the problem first by O. W. Richardson, Phil. 
Mag. 25, 144 (1913). W. F. G. Swann, Phil. Mag. 25, 534 (1913). 
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111. Experimental Test 


In the case of ultraviolet light the fact that under certain 
conditions, as in the selective photoelectric effect, the photo- 
electrons are emitted most strongly along the electric vector is 
in support of this calculation. The very small component of 
forward motion indicated by Table VIII-2 for ultraviolet light 
would not be enough to give any measurable excess of forward 
over backward photoelectrons, and is thus also in accord with 
the rather uncertain data described above. 

The only really significant test of this theory is in its appli- 
cations to X-ray photoelectrons. In Fig. 101 I have drawn the 
lines 61, 62, and 63, for the three curves, as calculated by Auger 
from equation (8.27). It will be seen that they fall very satis- 
factorily in the direction of maximum emission of the photo- 
electrons. This may be taken as a proof that the quantum 
imparts not only its energy but also its momentum to the 
photoelectron. 


112. Bubd’s Theory of Spatial Distribution 


Several attempts have been made to account for the fact 
that the photoelectrons are emitted over a wide range of angles 
instead of in a definite direction as would be suggested by the 
calculation just given. Thus Bubb ! has considered the effect 

1 F, W. Bubb, Phil. Mag. 49, 824 (1925). 
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of superposing on the electron’s final motion as calculated 
above its momentum in its atomic orbit just before ejection 
from the atom, subject to the condition that the electron’s final 
energy shall he that given by equation (8.05). His theory can 
be interpreted geometrically with the help of Fig. 103. We let 
OX represent the direction of propagation of the X-ray, and 
draw OY in the direction of its electric vector. About the 
origin O we draw a sphere whose radiis p represents the final 


(All 


Fic. 103. 


momentum of the electron according to Einstein’s photoelectric 
equation, i.e., p is given by the expression (cf. eq. 8.18), 


hy — w = me2X(V'1 + pre — 1), (8. 30) 


where w is the energy required to remove the electron from the 
atom. Along the X-axis we draw the vector O4 = hy/c, which 
represents the momentum of the quantum which we suppose is 
all transferred to the electron, presumably by the action of the 
quantum’s magnetic vector.! We now describe about 4 a 
sphere of radius 7B = po, corresponding to the momentum of 


uCianote Dalz. 
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the electron in its orbit at the moment of interaction with the 
quantum. The direction of this vector is random, and we 
assume that the probability of interaction with the quantum 
is equally probable for all directions of the vector 4B. The 
quantum is supposed to impart to the electron alco a sideways 
impulse BC, corresponding to the action of the electric vector 
of the wave. The possible directions of emission of the photo- 
electrons then are represented by the projection on the outer 
sphere of the surface of the inner sphere, shown as the shaded 
portion of the outer sphere. 

If the electrons are moving in circular Bohr orbits (as 
assumed in drawing Fig. 103), it can be shown that the momen- 


tum AB is 
Po = MCV 2a — ao?/(I — ao), (8.31) 
= MCV 2d approx., 


where a, = Av,/mc?, v. being the critical ionization or absorp- 
tion frequency for the electron in the orbit considered. From 
equation (8.30), noting that w = Av», we find that 


p= meV 2(a — a) + (a — a)?, (8.32) 


which, when a, is small compared with a, becomes 


p = mcV 2a, approx. 


Thus for loosely bound electrons, 


Po/p = Vao/a = Vvo/v. (8.33) 


In the case of electrons ejected from the K shell of argon by 
X-rays of wave-length .18A, corresponding to curve 3 of Fig. 
(8-08), we have »/» = d/d = .18/3.9 (see Table VI-7), 
whence p /p = .22. Also we have O4 = hv/c = a.mc, so that 
O4/p = Va/2 = .258. Thus according to Bubb’s theory, 
since OA > po, all the photoelectrons should be ejected at 
angles less than go degrees, and be distributed over a range of 
angles 6 of about 2 X .22, or 25 degrees. The angular distribu- 
tion thus calculated is represented in Fig. 104 by the broken line. 
The experimental points are those of Auger’s experimental 
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curve 3 of Fig. tor. It will be seen that the agreement with 
experiment is not very satisfactory. Moreover, the differences 
are even more prominent if we consider 
also the photoelectrons from the ZL E 
orbits. 2 

Another inherent difference be- 
tween the results of Bubb’s theory 
and the experiments is that whereas 
the theory indicates that the photos 
electron directions should be more 
spread out as the ratio »./» increases 
keqec 8. 33): such an effect does not 
appear in Auger’s experiments shown 
in Fig. 1o1. We have seen also (p. 18) 
that Owen’s experiments show the O 
same distribution for different ele- Fic. 104. 
ments used as sources of photoelec- 
trons, though the values of v differ from element to element. 
If these experiments are reliable it is not possible to account 
for the spreading of the photoelectrons as due directly to their 
momenta before expulsion from the atom. 


x 


113. Theory of Auger and Perrin 


Auger and Perrin have made the alternative hypothesis that 
the direction of ejection of the electron is that of the electron’s 
velocity at the moment the quantum traverses the electron.! 
They assume however that the probability that the ejection wil] 
occur is proportional to cos? Ev, where E is the direction of the 
electric vector of the X-ray and v is the direction of the elec- 
tron’s velocity. Thus in Fig. 105, if the X-axis is in the direc- 
tion of propagation and the Y-axis is in the direction of the 
electric vector, and if OP is the direction of the electron’s mo- 
tion in its orbit, OP is also the direction in which the photo- 
electron will be ejected, and the probability of its ejection is 
proportional to 

cos?¢dw = sin® 6 cos? vdédv. (8. 34) 
1P, Auger and F. Perrin, C. R. 180, 1742 (1925). P. Auger, C. R. 180, 1939 (1925). 
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The probability of emission between 6 and 6 + dé is thus 


Qa 
sin? ado cos? Wd 


TT Qa 
i sin? odo | cos? way 
oO oO 


Similarly, between v and w + dw the probability of emission is 


P,do = = 2sin3 ede. (8.35) 


cos? ved {sin 6d6 
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These expressions agree with the experiments in predicting 
a distribution which is the same for different elements used as 
sources of photoelectrons, but quantitatively they are not in 
much better accord with the observed distribution than are 
Bubb’s equations. Thus in Fig. 106 are shown 4, Bubb’s ex- 
perimental distribution curve for polarized X-rays, similar to 
Fig. 102 but corrected for the incompleteness of the polariza- 
tion; B, the distribution calculated from (8.36), and C, the dis- 
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tribution calculated (approximately) from (8.33). It will be seen 
that Auger and Perrin’s theory predicts greater spreading and 
Bubb’s theory less spreading than is shown by the experiments. 

Regarding the distribution for different angles 6, equation 
(8.35) predicts no average forward component to the electron’s 
motion. It would not be contrary to the spirit of the theory, 
however, to suppose that the photoelectron instead of proceed- 
ing in the direction of its original motion has an additional for- 
ward component to its momentum equal to Ay/c, the momen- 
tum of the incident quantum. As this modified, the distribution 
predicted by equation (8.35) is shown as the solid line of Fig. 
104. In this case the theory has fair success. 

A third hypothesis for accounting for the spreading of the 
photoelectrons has been suggested by Bothe.! His assumptions 
are similar to those of Bubb, except that he supposes that an 
electron can be affected by the radiation quantum only when 
moving at right angles to the electric vector. The locus of the 
direction of emission is then a cone about the direction 6 = 
tan! V2/e as an axis, the apex angle of the cone being deter- 
mined by the orbital momentum of the electron before ejection. 
According to Bothe’s theory, as in Bubb’s, the angular spread- 
ing of the photoelectrons should change with the source of 
photoelectrons and with the frequency of the X-rays. 


114. Significance of the Experiments 


1. The fact that the electrons are ejected with an average for- 
ward component equal within experimental error to the mo- 
mentum of the incident quantum means that no appreciable 
part of the momentum is spent on the remainder of the atom. 
This can only be the case if the time of action of the quantum on 
the electron is short compared with the time of revolution of the 
electron in its orbit. 

2. If we retain the principle of momentum conservation, the 
direction of the photoelectron’s motion must be that of the 
resultant of its original orbital momentum and of the impulse 


1W. Bothe, Zeits. f. Phys. 26, 74 (1924). 
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imparted to it by the quantum. These experiments therefore 
afford direct information concerning the direction of the force 
exerted by a radiation quantum on an electron. By comparison 
with the classical concept of electromagnetic waves, we should 
look for something in the quantum analogous to an electric 
field which will exert a force perpendicular to the direction of 
propagation, and something analogous to the magnetic field 
which will give to the electron thus set in motion an impulse in 
the direction of propagation. The latter impulse we find— 
though since it is predicted also by the principle of conservation 
of momentum itself we can hardly draw from its existence any 
certain conclusion regarding a magnetic field in the quantum. 
The fact that there is at least a strong tendency for ejection of 
electrons in the direction of the electric vector seems at first 
sight to support the assumption of a force acting in the direction 
of the wave’s electric field. But if it is true that the spreading 
of the photoelectrons is as great for atoms in which the electrons 
move slowly as for those in which they move at high speed, we 
cannot account for this equal spreading by assuming that the 
quantum imparts an impulse in the direction of the wave’s 
electric vector. We must suppose rather, as Auger has done, 
that the direction of the impulse due to the quantum is deter- 
mined jointly by the direction of the electric vector and some 
polarity (such as the direction of motion or acceleration or of 
magnetic moment) of the electron or the atom. 

Such a complexity in the direction of the force on an electron 
in an electric field could not have been predicted by an exten- 
sion of the classical electromagnetic theory. It would seem to 
complicate further our already difficult problem of interpreting 
the familiar concepts of electric and magnetic fields in terms of 
quanta. The difficulty follows directly from the experimental 
evidence that the spreading of the direction of the photo- 
electrons is independent of the wave-length and of the atom 
from which the electron is ejected. Jt is very desirable that 
these experiments be repeated under most varied conditions, 
for what is more fundamental in physics than a knowledge of 
the force exerted on an electron by a field of radiation? 
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115. Number of Photoelectrons 


A series of experiments by W. H. Bragg,! Barkla,? and their 
collaborators suggested strongly that the true absorption (as 
opposed to scattering) of X-rays is due solely to the excitation 
of secondary beta rays. This conclusion was supported by 
C. T. R. Wilson’s photographs 3 of the path of an X-ray beam 
through air, which showed no ionization along the path of the 
X-rays except that due to the action of the high speed electrons 
which were liberated. On this view, X-ray energy can be dissi- 
pated in only two ways, either by scattering or by the excitation 
of beta rays. 

We have seen that there are two types of beta rays, 
those whose liberation excites the characteristic fluorescent 
radiation, and those which recoil after scattering a quantum of 
energy. According to the results of de Broglie and Ellis, each 
electron of the first type represents the absorption of one quan- 
tum of energy Av from the primary beam. The second type also 
probably represents a whole quantum of energy, the greater 
part of which appears as scattered radiation and the remainder 
as kinetic energy of the recoiling electron. The evidence is thus 
consistent with the view that each beta ray represents the 
removal of one quantum of energy from the primary beam, and 
that no other energy is lost except through true scattering. 

It follows as a result of this conclusion that the energy 
“truly ” absorbed per centimeter path of the X-ray beam 
should be 

Nhyv = Ey, 
where WN is the number of photoelectrons liberated, £; 1s the 
energy of the X-rays incident upon the substance and 7 repre- 
sents the true absorption coefficient (cf. infra, Appendix VI). 
Thus the number of photoelectrons liberated per centimeter 

path of the X-ray beam should be 

N = E,r/hy. (237) 

1W. H. Bragg, Phil. Mag. 20, 385 (1910) ef al. 


2C. G. Barkla, Phil. Mag. 20, 370 (1910) et al. 
3 C, T. R. Wilson, Proc. Roy. Soc. 87, 288 (1912). 
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Partial support of this relation (20) is given by the fact that 
the number of electrons ejected from an atom is independent of 
its state of chemical combination,! as is also the energy ab- 
sorbed by the atom. Moore has shown ! also that the number 
of photoelectrons emitted by different light atoms traversed by 
X-rays is proportional to the fourth power of the atomic weight. 
This corresponds exactly with Owen’s law (cf. infra, p. 192) 
that the true absorption per atom under similar circumstances 
is proportional to the fourth power of the atomic number. It 
follows therefore that the number of photoelectrons is pro- 
portional to the X-ray energy truly absorbed, as stated by 
equation (8.37). Although no direct experimental determina- 
tion of the factor of proportionality has been made, there seems 
no reason to doubt that this factor is the energy quantum Ap. 


PASSAGE OF PHOTOELECTRONS THROUGH MATTER 


116. Range 


The question of the range of a photoelectron is identical 
with that of any high speed electron traversing matter. The 
problem has been treated very simply by J. J. Thomson,? on 
the assumption that the energy lost by the beta particle is that 
spent in setting in motion the electrons near which it passes. 
If we suppose that 7 is the effective time during which the beta 


particle acts on the electron, and that F is the mean force acting 
on the electron during that time, then the impulse imparted to 
the electron is 


F710. 


and the energy imparted is 


1H. Moore, Proc. Roy. Soc. 91, 337 (1915). 
* J. J. Thomson, “Conduction of Electricity through Gases,” 2d Ed., p. 378. 
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But the time of interaction 7 is inversely proportional to the 
velocity V of the beta particle, i.c.. 7 = 4/V, whence 


= B/mV?, (8-38) 


In each unit path there will be several collisions, for each of 
which the energy imparted is proportional to 1/m/V?, whence 
the energy lost per unit path is also proportional to 1/m/’?. 
That is, 


where T is the kinetic energy of the beta particle and C is a 
new constant of proportionality. We may write approximately 
(for low velocities) T = 4mV?, and we have 


TdT =— 2Cadx, 
which when integrated may be put in the form 
fhe a se a bx, (8.39) 
or 
VA = aan, (8. 40) 


where a and 4 are constants depending upon the number of 
electrons per unit volume in the material traversed. If the 
final velocity V’,, is zero, we thus have for the range of the beta 


particle 
w= V A/a. (8.41) 


Equations (8.40) and (8.41) have been tested expert- 
mentally for beta rays of moderate speed by Whiddington,! 
Wilson,? and others,? who find them accurate within experi- 
mental error. Of course x must be measured along the path 
of the particle. The actual thickness of matter traversed is 
considerably less than the length of the path. Terrill? finds 
the value of the constant a for various metals to be as follows: 


1R, Whiddington, Proc. Roy. Soc. 86, 360 (1912). 
2C. T. R. Wilson, Proc. Roy. Soc. 104, 1 (1923). 
3B. F. J. Shonland, Proc. Roy. Soc. 104, 235 (1923). H. M. Terrill, Phys. Rev. 21, 


476 (1923); 22, 107 (1923). 
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TABLE VIII-3 


VALUES OF THOMSON-WHIDDINGTON CONSTANT 4 


Substance Obs. (Terrill) Calc. (Bohr, approx.) 
Bervyiliuime anasto neta ayer ree rn ake sey OX AKORY toe GEO as 
I NhbvorVWihlbbornnn go. ndasc awe o-sceoeeueds ode Tee Toa 
Goppekiae onrty cee nieg a Panny Ar een eee 4.5 Boe 
SilVerey, hero oot ane ee ee oe on aes i.) 
Gold set aime tniac eh tnnterrscune Soran eto aee ae) ite) 
IDensitysonsscpnarep ears scsaeh oe ae eats 50Sp 6p 


These constants are approximately proportional to the densities 
of the metals, as should obviously be the case according to 
Thomson’s theory. 

Wilson has found that in moist air at 760 mm. and 18° C. an 
electron that has fallen through 21,000 volts has a range of 
1cm. From this it follows that for air, ¢@ = 5.5 X 10789, 

In Thomson’s theory no account is taken of the motion or 
the binding forces on the electrons which are set in motion. 
This has been considered in detail, however, by Bohr,! who 
obtains an expression for the constant a which depends upon 
the characteristic (critical ionization) frequencies of the elec- 
trons in the atom. Bohr’s formula may be written in the form: ” 


(8.42) 


m2 


16re'n 2 (—*) 
a Se ho oO 
2 a g Ame? 4 
where 7 is the number of atoms per unit volume, Vis the veloc- 
ity of the beta particle, », is the critical ionization frequency of 
the ith electron in the atom, & = 1.1, and Z is the atomic 
number. This may be written, 
16re*N n al 
m N 9 ee (8.43) 
where N is the number of molecules per gram molecules and / 
= log (kV%m/4nvie?). Since it is a logarithm, / varies only 


1 N. Bohr, Phil. Mag. 25, 10 (1913); 30, 581 (1915). 
? Cf. H. A. Kramers, Phil. Mag. 46, 868 (1923). 
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slightly with V and ». Thus, assuming % = 10!7, if VY cor- 
responds to a potential of 10 kilovolts / = 6.6, while for Y 
corresponding to 5 kilovolts/ = 5.6. Hence a should be almost 
though not quite constant. In Table VIII-3 are shown the 
values of @ thus calculated (taking / = 6.6) compared with 
Terrill’s experimental values. The agreement is rather satis- 
factory. 

For beta rays whose velocity is so great that the kinetic 
energy is no longer given by 3m/’? the range should, according 
to the ideas underlying the theory, increase more rapidly than 
stated by equation (8.41). The range should instead approach 
infinity as V approaches c. 


117. Lonization due to Beta Rays 


The cloud expansion photographs show that the ionization 
is more intense near the end of the track where the beta ray is 
moving slowly than along the initial portions of the track. This 
is in accord with equation (8.38), according to which the energy 
spent per unit path of the beta ray is inversely proportional to 
1/V?. Since V cannot exceed ¢, the ionization per unit length 
of path does not approach zero even for the fastest beta rays. 
For this reason even the highest speed beta rays produce a 
visible track in the cloud expansion chamber.! 

Theories by Thomson,? Bohr,? and Rosseland 4 of the 1oniza- 
tion by beta rays are based on a calculation of the probability 
that a collision with an electron will give it energy greater than 
enough to remove it from the atom. Thomson’s expression for 
the number of ions produced directly by the beta ray per unit 
path is 

annLe* 
ey (8.44) 


1 If the velocity of the beta particle is within a few meters per second of the velocity 
of light, radiation reactions become important, and the beta particle may produce no 
ions (cf. W. F. G. Swann, Phil. Mag. 47, 306, (1924)). ‘The energy of such particles is 
large, however, compared with even the fastest beta rays emitted by radioactive sub- 
stances. 

2 J. J. Thomson, Phil. Mag. 23, 449 (1912). 

8 N. Bohr, Phil. Mag. 30, 581 (1915). 

4S. Rosseland, Phil. Mag. 45, 65 (1923). 


258 X-RAYS AND ELECTRONS 


where as before 7 is the number of atoms per unit volume, Z 
the atomic number, and W the energy required to free the 
electron. This expression agrees with those of Bohr and Rosse- 
land. 

Wilson finds! that if /” = 10! cm./sec., a beta particle 
traversing moist air at 760mm. and 20°C. ejects about go 
electrons per centimeter of its path. From this he calculates 
that W of equation (8.44) must correspond to about 7 volts. 
This value is less than half of the ionizing potential of oxygen 
and nitrogen as given by recent work, and is nearly equal to the 
“radiating ” potential. Thus we cannot feel satisfied with the 
status of the theories designed to account for the ionization by 
high speed beta particles. 


118. Form of Beta Ray Tracks 


From a study of the electrom tracks photographed with his 
expansion apparatus, C. T. R. Wilson found, ‘‘ The rays show 
two distinct kinds of deflection as a result of their encounters 
with the atoms of the gas—Rutherford’s “ single’ and ‘com- 
pound’ scattering. The gradual or cumulative deviation due 
to successive deflections of a very small amount is evidently, 
however, in this case much the more important factor in causing 
scattering, all the rays showing a large amount of curvature, 
while quite a small proportion show abrupt bends. When 
abrupt deflections occur they are frequently through large 
angles, go° or more.””? 

In a later study? he distinguishes between abrupt deflec- 
tions which result in a branched track, and are thus probably 
due to a collision with another electron, and nuclear collisions 
which result in no branches. From the number of nuclear 
deflections through an angle greater than go degrees he cal- 
culates according to Rutherford’s theory of scattering 4 that the 


1C. T. R. Wilson, Proc. Roy. Soc. 104, 192 (1923). 
> C. T. R. Wilson, Proc. Roy. Soc. 87, 289 (1912). 

°C. T. R. Wilson, Proc. Roy. Soc. 104, 205 (1923). 
1 E, Rutherford, Phil. Mag. 21, 668 (1911). 
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charge of the nucleus with which the collision occurs is 6.5e, 
which is very near the charge 7e of the nitrogen nucleus. 

Many people have noticed that the photographs of the beta 
ray tracks seem to show a nearly uniform curvature ! over dis- 
tances greater than is to be expected if the deflections are for- 
tuitous. The tracks sometimes appear to have the form of 
converging helices,? such as might be due to a motion in a 
strong magnetic field. None of the explanations of this effect, 
however, have seemed to be satisfactory,’ and considerable 
doubt as to the reality of the phenomenon has been raised by 
Bothe.4 


1C. T. R. Wilson, Proc. Roy. Soc. 104, 206 (1923). 

2 A. H. Compton, Phil. Mag. 41, 279 (1921). 

8 Explanations have been suggested by T. Shimizu and A. H. Compton, Phil. Mag. 
41, 279 (1921); J. L. Glasson, Nature, 108, 421 (1921); C. T. R. Wilson, Proc. Roy. 
Soc. 104, 208 (1923). These have been criticized by P. L. Kapitza, Proc. Camb. Phil. 
Soc. 21, 129 (1922), and A. H. Compton, Bulletin Nat. Res. Council No. 20, p. 30 (1922). 

4 W. Bothe, Zeits. f. Physik, 12, 117 (1923). 


CHAPTER IX 
Quantum THEORY OF X-Ray ScATTERING 


119. Scattered X-rays as Directed Quanta Instead of Waves 

In the discussion of the scattering of X-rays given in Chap- 
ter III, we found that many of the properties of the scattered 
rays could be accounted for on the basis of the classical theory 
as developed by Thomson and extended by Debye. The 
accuracy of Barkla’s determination, from scattering experi- 
ments, of the number of electrons in an atom, and the success 
in extending the theory to cover the diffraction of X-rays by 
crystals, led physicists to class scattering phenomena with those 
of interference and refraction as completely explicable according 
to our classical ideas of electrons and electromagnetic waves. 
Within the last few years, however, new scattering phenomena 
have been observed which are so directly contrary to the usual 
electrodynamics that we have been compelled to reverse our 
attitude almost completely. Far from explaining the scattering 
of X-rays on the assumption that radiation spreads in all direc- 
tions as spherical waves, we seem driven by the recent experi- 
ments to consider X-rays as definitely directed quanta of 
radiant energy. 

The evidence leading to this dramatic reversal of our ideas 
of the nature of X-rays—and hence of all radiation—will be 
presented in the first part of this chapter. In the latter part 
we shall consider the application of the quantum theory to such 
problems as the intensity of X-ray scattering, for which unique 
solutions have not as yet been found. 


I. THE CHANGE OF WAVE-LENGTH OF SCATTERED X-RAYS 


120. Early Experiments 


The earliest experiments on secondary X-rays and y-rays 
showed a difference in the penetrating power of the primary 
260 
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and the secondary rays.! In the case of X-rays, Barkla and his 
collaborators showed that the secondary rays from the heavy 
elements consisted largely of fluorescent radiations character- 
istic of the radiating element, and that it was the presence of 
these softer rays which was chiefly responsible for the greater 
absorption of the secondary rays.2 When later experiments 
showed a measurable difference in penetration even for light 
elements such as carbon, from which no fluorescent K or L 
radiation appears, it was only natural to ascribe this difference 
to a new type of fluorescent radiation, similar to the K and L 
types, but of shorter wave-length.? Careful absorption measure- 
ments failed however to reveal any critical absorption limit for 
these assumed “J” radiations similar to those corresponding 
to the K and Z radiations. Moreover, direct spectroscopic ob- 


1 Vor y-rays, see A. S. Eve, Phil. Mag. 8, 669 (1904); R: D. Kleeman, Phil. Mag. 15, 
638 (1908); J. P. V. Madsen, Phil. Mag. 17, 423 (1909); D.C. H. Florance, Phil. Mag. 
20, 921 (1910); J. A. Gray, Phil. Mag. 26, 611 (1913); D.C. H. Florance, Phil. Mag. 
27, 225 (1914); K. W. F. Kohlrausch, Phys. Zeit. 21, 193 (1920); A. H. Compton, 
Phil. Mag. 41, 749 (1921); et al. 

In the case of X-rays scattered by light elements, the early experiments of Barkla 
and his collaborators indicated a slight softening of the secondary rays (C. G. Barkla, 
Phil. Mag. 7, 550, 1904; R. T. Beatty, Phil. Mag. 14, 604, 1907), but the difference 
seems to have been considered within the experimental error: “the scattered radia- 
tion differs inappreciably in penetrating power from the primary radiation, that is to 
say, there is no appreciable degradation? accompanying the process of scattering ” 
(Barkla and Miss Ayers, Phil. Mag. 21, 271, 1911). Experiments showing the softening 
of secondary X-rays have been performed by C. A. Sadler and P. Mesham, Phil. Mag. 
24, 138 (1912); J. Laub, Ann. der Phys. 46, 785 (1915); J. A. Gray, Franklin Inst. J. 
Nov. 1920, p. 643; A. H. Compton, Phys. Rev. 18, 96 (1921); Nature, 108, 366 (1921); 
J. A. Crowther, Phil. Mag. 42, 719 (1921). 

2 C. G. Barkla and C. A. Sadler, Phil. Mag. 16, 550 (1908). 

3 J. Laub, Ann. der Phys. 46, 785 (1915); J. A. Crowther, Phil. Mag. 42, 719 (1921). 

Barkla’s “J-transformation” is an interpretation of the softening of secondary 
X-rays which is essentially different from that of fluorescence. It is supposed rather 
that the rays are scattered without change of wave-length, but are in some way mod- 
ified as they traverse matter after being scattered. ‘This suggestion has been devel- 
oped in the following papers: 

C. G. Barkla and R. Sale, Phil. Mag. 45, 748 (1923); C. G. Barkla and S. R. Khast- 
gir, Phil. Mag. 49, 251 and 50, 1113 (1925); C. G. Barkla, Nature, 112, 723 (1923); 
Feb. 13, 1926. 

For discussion of the “J-transformation,”’ see A. H. Compton, Nature, 113, 160 
(1924); R.°T. Dunbar, Phil. Mag. 49, 210 (1925), and J. A. Gray, Bull. Am. Phys. 
Soc. 1, No. 7, p. 15 (1926). 
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servations failed to reveal the existence of any spectrum lines 
under conditions for which the supposed J rays should appear.’ 
It thus became evident that the softening of the secondary 
X-rays from the lighter elements was due to a different kind 
of process than the softening of the secondary rays from heavy 
elements where fluorescent X-rays are present. 

It was at this stage that the first spectroscopic investiga- 
tions of the secondary X-rays from light elements were made.” 


SESS GEES LIT 2 


SHUTTER 


FIG. 107. 


According to the usual electron theory of scattering it is obvious 
that the scattered rays will be of the same frequency as the 
forced oscillations of the electrons which emit them, and hence 
will be identical in frequency with the primary waves which 
set the electrons in motion. Instead of showing scattered rays 
of the same wave-length as the primary rays, however, these 
spectra revealed lines in the secondary rays corresponding to 
those in the primary beam but with each line displaced slightly 
toward the longer wave-lengths. 

A diagram of the apparatus employed, such as Fig. 107, 


1See p. 188. 


? A. H. Compton, Bulletin Nat. Res. Council. No. 20, p. 16 (1922); Phys. Rev. 21, 
715 and 22, 409 (1923). 
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may help in understanding the significance of the result. X- 
rays proceed from the molybdenum target T of the X-ray tube 
to the carbon radiator R, and are thence scattered at an angle 
¢ with the primary beam through the slits 1 and 2 to the crystal 
of a Bragg spectrometer. Thus is measured the wave-length of 
the X-rays that have been scattered at an angle ¢. This angle 
may be altered by shifting the radiator 
and the X-ray tube, and the spectrum 
of the primary beam may be obtained 
by merely shifting the X-ray tube 
without altering the slits or the 
crystal. 

Spectra of the molybdenum Ka 
line after being scattered by carbon at Sadan 
different angles are shown in Fig. 108. Graphite at 
The upper curve is the spectrum of 
the primary ray, and the curves below 
are the spectra, using the same slits, 
of the rays scattered at 45 degrees, 
go degrees and 135 degrees respec- 
tively. It will be seen that though in 
each case there is one line of exactly 
the same wave-length as the primary, 
there also occurs a second line of 
greater wave-length. These spectra 
show not only that the wave-length of 
the secondary ray differs from that 
of the primary, but also the fact that 
the difference increases rapidly at large 
angles of scattering. 

In Fig. 110 is shown a similar 
spectrum of X-rays scattered at 
120° by lithium, in which no appreciable line appears of the 
same wave-length as the primary beam.!_ We have seen (p. 61) 
that the energy of the whole secondary X radiation from 
light elements is very nearly equal to that calculated from 

1Y, H. Woo, Phys. Rev. 27, 119 (1926). 


Molybdenum 
Ka Line 


Primary 


Fic. 108. 
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Thomson’s classical theory for the scattered rays. If there 1s 
any scattering from lithium it must therefore be the radiation 
which appears in the spectrum as the slifted line M@. Similarly 
we must ascribe both lines in the spectrum of the secondary 
rays from carbon to scattered X-rays.! 

The fact that the scattered rays are of greater wave-length 
when scattered at large angles with the primary beam suggests 
at once a Doppler effect as from particles moving in the direc- 
tion of the primary radiation. This would be similar to the 
change in wave-length of the Fraunhofer lines in the sunlight 
reflected to us by Venus, because of the Doppler eftect from the 
motion of the planet. According to the classical idea of the 
scattering process, however, every electron in the matter trav- 
ersed by the primary X-rays is effective in scattering the rays. 
In order to account for such a Doppler effect on this view, there- 
fore, all of the electrons in the radiating matter would have to 
be moving in the direction of the primary beam with a velocity 
comparable with that of light—an assumption obviously con- 
trary to fact. It is clear that if any electrons move in this 
manner it can be only a very small fraction of the whole number 
in the scattering material, and that it must be this small frac- 
tion which is responsible for the scattering. The idea thus 
presents itself that an electron, if it scatters at all, scatters a 
complete quantum of the incident radiation; for thus the 
number of electrons which move forward would just be equal 
to the number of scattered quanta. 


1 The view has occasionally been defended that the shifted or modified line is due to 
a form of fluorescent radiation (A. H. Compton, Phil. Mag. 41, 749, 1921; Phys. Rev. 
18, 96, 1921) or tertiary X radiation produced by the impact of photoelectrons (G. L. 
Clark and W. Duane, Proc. Nat. Acad. Sci. 9, 422, 1923 and later papers). This hy- 
pothesis suggests no reason why the energy in the modified rays from lithium should be 
that calculated on Thomson’s theory of the scattered rays. It also fails to account for 
the fact that the secondary X-rays at go° are completely polarized (cf. js Oy) a 
property characteristic of scattered rays. 

In applying the name “scattered rays” to those here studied, we mean the rays 


which correspond most closely to those described by Thomson’s original theory of scat- 
tering. 
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Theory of Quanta Scattered by Free Electrons ' 


This suggestion that each quantum of X-rays is scattered 
by a single electron supplies a simple means of accounting for 
the observed change of wave-length. For if we consider the 
primary rays to proceed in quanta so definitely directed that 
they can be scattered by aman electrons, along with their 
energy Ay they will carry ? momentum hy/c. The scattered 
quantum, however, proceeding in a different direction from the 
primary, carries with it a different momentum. Thus by the 
principle of the conservation of momentum, the electron which 
scatters the ray must recoil with a momentum equal to the 
vector difference between that of the primary and that of the 
scattered quantum (Fig. 1og). But the energy of this recoiling 

1A. H. Compton, Bulletin Nat. Res. Council No. 20, p. 19 (1922); Phys. Rev. 21, 
207 and 483 (1923). P. Debye, Phys. Zeits. 24, 161 (1923). 

A diticulty presents itself when we consider the action of radiation quanta on free 
electrons. In the last chapter we supposed that when a quantum acts on an electron 
in an atom it gives to the system both its energy Ay and its momentum hy/c (eq. 


8.06—8.09), and found that the photoelectric effect was thus rather adequately 
described. But if a quantum gives to a free electron its momentum, 


hy m Bc (1) 
—_-_ = a ee I 
c Ales _ Bp? 
jt cannot at the same time give to the electron its energy, for which we should have 
I 
hy = mc? es (2) 
VI — B 


That is, if a quantum were to give its energy to a free electron, the momentum of the 
system could not be conserved. If then we adhere to the principles of the conservation 
of energy and momentum, it is impossible for a radiation quantum to impart its energy 
to a free electron. In other words, there can be no photo-electric effect with free 
electrons. his isin accord with Moore’s observation (p. 254) that the number of 
photoelectrons produced per atom in an element of atomic number Z is proportional to 
Z', since for free electrons Z = o. 

Since equations (1) and (2) cannot be simultaneously satisfied, we might infer 
that a quantum could not affect a free electron. The possibility remains, however, of 
supposing that only a part of the quantum’s energy is spent on the electron, the remainder 
escaping as a radiation quantum of less energy. It is this possibility which is devel- 
oped in this chapter, and is found consistent with the energy and momentum prin- 
ciples. 

2 Cf. equation 25 of Appendix I. 


266 X-RAYS AND ELECTRONS 


electron is taken from that of the primary quantum, leaving a 
scattered quantum which has less energy and hence a lower 
frequency than has the primary quantum. 

From the principle of the conservation of energy we have 


hy = hy’ + me — 1), (9.01) 
AY ee B2 


FIG. 109. 


where » is the frequency of the incident ray, »’ that of the ray 


I 
scattered by the electron, and mee = 1) is the 
lies 4° 
kinetic energy of the recoiling electron.? The principle of con- 
servation of momentum supplies the additional equations, 


(X-component) = = = cos ¢ + dane GOs 67 G02) 


he ; 
(Y-component) o = — sin ¢ = ar sin @)* §(9..@3) 


For a definite angle of scattering ¢ there are in these equa- 
tions three unknown quantities, »’, 8 and 6, the angle of recoil 
of the electron. By a straightforward solution of the three 


1Cf. equation 21 of Appendix II. 
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equations we can calculate these quantities. It is more con- 
venient, however, to express the result in terms of the scattered 
wave-length \’ = c/y’, and the kinetic energy of the recoiling 
electron. We obtain,}! 


V=rA+ Le — cos ¢), 
mc 


or 


d= NN Bye — cos ¢) 
MC (9.04) 


y vers ¢, 


where y = h/mc = .0243A, and vers ¢ = 1 — cos ¢. Also 


avers $ 
Btn = he + avers ¢ 
a4, 2a cos? 8 (9:08) 
_e (1 + a)? — a? cos? 0 
and 
cot 6 =— (1 + a) tan 34, 
or 
cot 3¢ =— (1 + a) tan@, . (9.06) 
where 


C= hyv/ me = y/d. 


Equations (9.04) predict that the scattered ray should be of 
greater wave-length than its parent primary ray, and that this 
increase in wave-length should be greater at large scattering 
angles. The wave-length change should however be the same 
for short wave-length as for great wave-length primary rays, 
and should be the same for all substances. According to equa- 
tions (9.05) there should exist a type of 6-ray with energy less - 
than Av by a factor of approximately 2a cos? 6. For all except 
very hard X-rays, these B-rays must thus possess much less 
energy than the photoelectrons described in the last chapter. 
They should also always proceed at angles less than go degrees, 
and those at the smaller angles should have the greater energy. 
It follows from equations (9.06) that for each electron ejected at 


1Cf. Appendix VI. 
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an angle @ there should be a quantum of X-rays scattered in a 
definite direction ¢. This is in sharp contrast with the classical 
electromagnetic theory, according to which the energy should 
be radiated in all directions. All of these predictions are sub- 
ject to experimental test. 


Silver Radiator, 


OoQ—O—O0—0—-0— 
‘of 


Ca 


Cr 


Fe 


Ni 


Cu 


FIG. 110; 


122. Measurements of the Change of Wave-length Accompanying 
the Scattering of X-rays 


In Fig. 108 the line M is calculated in each case from the 
theoretical formula for the change in wave-length. That it is 
not accidental that for carbon the agreement with the theory is 
so satisfactory is evident from the spectra shown in Fig. 110, 
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which shows similar spectra from many different scattering 
elements, recently obtained by Dr. Woo. 


ETC lene 


Fic, 112. 


These ionization spectra are completely confirmed by photo- 
graphic spectra. Fig. 111 shows a beautiful photographic spec- 
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trum obtained by P. A. Ross, which compares the spectrum of 
the K series lines from molybdenum with the spectrum of these 
rays after being scattered at go degrees by aluminium. One sees 
distinctly the a1, a2, 8 and y lines as both shifted and unshifted 
lines. In Fig. 112 are shown a series of Ross’s photographic 
spectra of the molybdenum Ka ray scattered by carbon, 
aluminium, copper and silver.! This figure shows in a striking 
manner the fact that the shift is independent of the scattering 
material. 

Though in the experiments just cited the magnitude of the 
change in wave-length agrees satisfactorily with the theoretical 
value,? the precision of the experiments was not greater than 


1P. A. Ross, Proc. Nat. Acad. 10, 304 (1924). 

2 Not all of the measurements of the wave-length of scattered X-rays have given 
such satisfactory results. Especially disturbing for about a year was a series of experi- 
ments performed by various investigators at Harvard in which instead of the effect 
here described a different effect, called “tertiary radiation,’ was observed. See: 
G. L. Clark and W. Duane, Proc. Nat. Acad. 9, 413 and 419 (1923); 10, 41 and 92 
(1924). G. L. Clark, W. Duane and W. W. Stifler, ibid. 10, 148 (1924). S. K. 
Allison and W. Duane, ibid. 10, 196 (1924). A.H. Armstrong, W. Duane and W. W. 
Stifler, ibid. 10, 374, (1924). S. K. Allison, G. L. Clark and W. Duane, ibid. 10, 
379 (1924). 

“The tertiary radiation” was never definitely observed by other investigators than 
those at Harvard (though suspected by some, e.g., J. A. Becker, Ibid. 10, 342 (1924). 
Experiments showing the type of spectrum described above have been performed by: 
A. H. Compton, Bulletin National Research Council, No. 20, p. 15 (1922); Phys. Rev. 
21, 207, 483 and 715 (1923); 22, 409 (1923); Phil. Mag. 46, 897 (1923). A.H. Comp- 
ton and Y. H. Woo, Proc. Nat. Acad. 10, 271 (1924). A. H. Compton and J. A. 
Bearden, Proc. Nat. Acad. 11, 117 (1925). P. A. Ross, Proc. Nat. Acad. 9, 246 (1923); 
10, 304 (1924); Phys. Rev. 22, 524 (1923). P.A. Ross and D. L. Webster, Proc. Nat. 
Acad. 11, 56 (1925). B. Davis, Paper before the A. A. A. S. Dec. 28, 1923. J. A. 
Becker, Proc. Nat. Acad. 10, 342 (1924). A. Miiller, cf. W. H. and W. L. Bragg, 
X-Rays and Crystal Structure (1924) p. 297. M. de Broglie, Comptes Rendus, 
178, 908 (1924). A. Davillier, Comptes Rendus, 178, 2076 (1924). M. de Broglie 
and A. Davillier, ibid. 179, 11 (1924); J. de Physique, 6, 369 (1925). S. K. Allison 
and W. Duane, Proc. Nat. Acad. 11, 25 (1925); Phys. Rev. 26, 300 (1925). H. Kall- 
man and H. Mark, Naturwiss. 13, 297 (1925). Y.H. Woo, Proc. Nat. Acad. 11, 123 
(1925). H.M. Sharp, Phys. Rev. 26, 691 (1925). 

In the latest experiments of Allison and Duane (loc. cit.) at Harvard they also fail 
to find the tertiary radiation and observe only the usual shift predicted by the quantum 
theory. 

It appears that the experiments which led to the suggestion of the tertiary radiation 
were affected by an unfortunate combination of errors which produced spurious spec- 
tral lines. In many of the earlier Harvard experiments rays scattered over a wide 
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2 or 3 per cent. In order to make an exact test of the wave- 
length equation, it is necessary to scatter the X-rays at a 
definite and known angle 4, as well as to measure precisely the 
change in wave-length. Perhaps the best experiment of this 
character is that of Sharp,' in which the rays were scattered 
almost directly backward, at an angle of ¢ = 169°. Thus not 
only was 5\ made a maximum, but also the value of vers ¢ was 
near a maximum and could change only slowly with variations 
in ¢. The spectrum was examined by a special form of photo- 
graphic spectrometer, and was analyzed with the help of a 
microphotometer. It was found that the modified (shifted) 
line was broader than the unmodified line,” and the measure- 
ment was made to the peak of the line, with the result, 


ddygge = 0.04825 + .00017A. 
It follows that 


h/MCexpt, = 0-02432 -+ .0000gA. (9.07) 


If we take Duane’s value of h = 6.556 X 1077 erg sec. and 
¢ = 2.9986 X 101° cm/sec., the theoretical magnitude of h/me 
varies with the value assigned to m. Thus on the basis of 
Babcock’s determination? of e/m = 1.761 X 107 e.m.u. from 
measurements of the Zeeman effect, we have 


m = e/(e/m) = 9.04 X 10-%8g, 


range of angles ¢ entered the X-ray spectrometer, so that the shifted rays were spread 
out into a broad, faint bandinstead ofasharp line. In the experiments with aluminium 
an impurity seems to have been present which gave a sharp line at the position in which 
the tertiary peak was anticipated. It is probable also that stray X-rays may have 
affected some of the readings. After precautions were taken to remove these sources 
of trouble, the Harvard apparatus gave some of the best measurements of the spectral 
shift that have been made (Allison and Duane’s experiments, loc. cit.). 

I believe it is agreed by all who have followed these experiments that there remains 
no evidence whatever for the existence of the supposed tertiary radiation. On the 
other hand, the evidence indicates that the wave-length change is given accurately by 
the quantum formula, and that the ratio of the intensities of the modified and unmod- 
ified lines depends only on the wave-length, the scattering material, and the angle of 
scattering. 

1H. M. Sharp, Phys. Rev. 26, 691 (1925). 

2 This fact had previously been noted by A. H. Compton, Phys. Rev. 22, 409 (1923), 
S. K. Allison and W. Duane, Phys. Rev. 26, 300 (1925); et al. 

3H. D. Babcock, Astrophys. J. 58, 149 (1923). 
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and 
hj mci = 0.024134. 


But if we take the value of e/m = 1.773 X 107 e.m.u., which 
Birge finds * as an average of the magnetic deflection determina- 
tions, we have m = 8.98 X 10-8 g, and 


hj mice = 0.624354. 


It is probable from recent theoretical work on the Zeeman effect 
that Babcock’s value of e/m is too low. In any case, it is clear 
from these experiments that the quantum formula (9.04) for 
the change of wave-length is as accurate as our knowledge of 
the constants A, m and c. 


123. The Unmodified Line 


The simple theory outlined above accounts only for the 
existence of the line whose wave-length is modified. This is 
doubtless because we have considered only the interaction be- 
tween quanta and electrons that are free. If an electron is so 
firmly bound within the atom that the impulse imparted by the 
quantum is insufficient to eject it, the atom in its final condi- 
tion has the same energy as in the beginning, so that no energy 
is removed from the quantum. For the light atoms, in which all 
the electrons are loosely bound, the modified line should thus 
be relatively intense, whereas for the heavy atoms, in which 
most of the electrons are firmly held, the unmodified ray should 
have the greater energy. This is precisely what is shown by the 
figures reproduced above. 

From this explanation of the unmodified line it would also 
follow that for ordinary light, for which the impulse imparted 
by a quantum is far too small to eject even the most loosely 
bound electron, all the energy should lie in the unmodified line. 
On the other hand, for y-rays the impulse would be so great that 
almost every electron would be ejected, so that nearly all the 
scattered rays should be modified. This agrees exactly with 
Ross’s observation that the light rays scattered by paraffin are 


1R. T. Birge, Phys. Rev. 14, 363 (1919). 
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unmodified,! and the author’s observation that there is no 
detectable scattered y-radiation having the original wave- 


length.? 


124. Recoil Electrons 


From the quantitative agreement between the theoretical 
and the observed wave-lengths of the scattered rays, we may 
look with some confidence for the recoil electrons which are 
predicted by the quantum theory of scattering. At the time 
that this theory was proposed there was no direct evidence for 
the existence of such electrons, though indirect evidence sug- 
gested * that the secondary beta rays ejected from matter by 
hard y-rays are mostly of this type. Within a few months of 
their prediction, however, two investigators, C. T. R. Wilson 4 
at Cambridge and W. Bothe ® at Charlottenburg independently 
announced their discovery. 

Photographs of the trails of these recoil electrons have 
been shown in Figs. 95, 96 and g7. It is the tracks of 
the shorter type in Figs. 95 and g6 that Wilson identified 
with the recoil electrons, and all those in Fig. 97 are of 
this kind. It will be seen that for the harder X-rays the tracks 
increase in number and in length and develop “ tails” on the 
side of the incident X-rays. For this reason Wilson dubbed 
them “fish” tracks. It is a significant characteristic that all 
the “fishes” have their heads pointed in the direction of the 
incident X-ray beam, as is to be expected if they are due to 
recoil electrons. It will be seen also that the tracks which 
start directly forward are usually longer than those that move 
at an angle with the primary ray, corresponding to the difference 
.n energy at different angles as predicted by equation (9.05). 


/ 
j 


1P. A. Ross, Science, 57, 614 (1923). 

2 A. H. Compton, Phil. Mag. 41, 760 (1921). 

3 A. H. Compton, Bulletin Nat. Res. Coun. No. 20, p. 27 (1922). 

4C. T. R. Wilson, Proc. Roy. Soc. 104, 1 (1923). 

5 W. Bothe, Zeits. f. Phys. 16, 319 (1923). In this paper, not being aware of the 
prediction of the recoil electrons, Bothe ascribed his newly discovered rays to H par- 
ticles. Soon afterward he showed that they had the characteristics of the predicted 
recoil electrons, Zeits. f. Phys. 20, 237 (1923). 
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Probably the most convincing reason for associating these 
short tracks with the scattered X-rays comes from a study of 
their number. In the last chapter we saw that each track of 
the long kind is produced by a photoelectron, and represents a 
quantum of truly absorbed energy. If the short tracks are due 
to recoil electrons, each one should represent the scattering of a 
quantum. Thus if o/7 is the ratio of the energy scattered to 
that truly absorbed (see Chapter VI), we should have o/7 = 
Nz/Np, where Ne is the number of short tracks and Np the 
number of long tracks observed in the cloud expansion photo- 
graphs. 

An actual count of these numbers gave ! the results shown in 
Table [X-1. Only those tracks were counted in the 3rd and 


TABLE IX-1 


NuMBER OF TrRacKsS oF Types R anp P 


Effective Total R Tracks, | P TRAcks, Ne o 
Wave-length Tracks Nr Np Np 7 
ogpiuan 58 5 49 0.10 On 
44 24 ie) II 0.9 re 
.29 46 33 iD D9) 3.8 
20 84 74 8 9 Io 
a7 Ws 68 4 17 1G 
aS 79 ie 1 32 


4th columns whose character could be distinguished with con- 
siderable certainty. For the shortest wave-length the recoil 
tracks were so long that it was impossible to distinguish in some 
cases whether a given track was an KR or a P track. Similarly 
for the longest waves it was hard to tell an R track from a 
“sphere” track produced by the secondary K radiation from 
oxygen, nitrogen and argon. The values of o and 7 are calcu- 
lated from the absorption coefficients in air, remembering that 
t 1s proportional to 4° (p. 192). Even for the extreme wave- 
lengths the agreement between Nz/N, and o/r is probably 
within experimental error, whereas for the intermediate wave- 


1 A. H. Compton and A. W. Simon, Phys. Rev. 25, 306 (1925). 
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lengths where the counting is more accurate the two ratios 
agree very well indeed. | 

Since we have seen that each P (photoelectron) track cor- 
responds to the true absorption of a quantum of energy, this 
agreement means that on the average there is about one quan- 
tum of energy scattered for each R track that is produced. It 
follows that the R tracks are produced as an accompaniment of 
the scattering of X-rays. 

This result is in itself contrary to the predictions of the 
classical electrodynamics, since on that basis a// the energy 
spent on a free electron (except the insignificant effect of radia- 
tion pressure) reappears in the scattered rays. In these experi- 
ments on the contrary, 5 or 10 per cent as much energy appears 
in the motion of the KR electrons as appears in the scattered 
X-rays. 

That these R tracks, associated with the scattered X-rays, 
correspond to the recoil electrons predicted by the quantum 
theory of scattering, becomes clear when we compare their 
energy as shown by their range with that predicted by the 
theory. We have seen in the last chapter (eq. 8.41) that 
the range is approximately proportional to /*, or to the square 
of the kinetic energy of the beta particle. Wilson finds! that 
R = V?/44mm., where V represents the particle’s initial 
energy expressed in kilovolts. Using this relation, we can 
calculate from equation (9.05) the range to be expected for 
the electrons recoiling at different angles 6. For the maxi- 
mum range, using X-rays of different wave-lengths, the follow- 
ing values were found? (column 2), as compared with those 
predicted (column 3). In the case of the hardest X-rays it was 
possible to compare the ranges of the tracks ejected at different 
angles, with the results shown in Table IX—3. 


1 This is the equivalent of the datum quoted on p. 256. C. T. R. Wilson, Proc. 
Roy. Soc. 104, I (1923). 

24. H. Compton and A. W. Simon, loc. cit. In these experiments X-rays of 
approximate homogeneity were obtained by filtering. The calculations of Table [X—2 
are based on the shortest wave-length present, while those of Table [X—3 are based on 
the average wave-length. Similar experiments, using the K- line of tungsten, have 
been performed by H. Ikeuti, Comptes Rendus 180, 27 (1925), see Fig. 95. 
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TABLE I[X-2 


Maximum Lenotus or R TRACKS 


Potential on Gite Calculated 
X-ray Tube Eq. 9-05 
21 ky. omm. .o6 mm. 
34 ° 3 
52 BY Ss 1.8 
74 6 6 
88 9 12 
III 24 25 
TABLE IxX=3 


Rance or R Tracks At DirFERENT ANGLES FOR 111 Ky. X-Rays 


Average Range 
Angle of Emission s 
Observed Calculated 
O20" g mm. II mm. 
30°-60° 4 4 
60°—go° 0.9 ©. 


These results are typical of those obtained by a number of 
independent observers.! From their complete agreement with 
the predictions of the quantum theory, we are justified in 
identifying the R tracks with the recoil electrons. In view of 
the fact that electrons of this type were unknown at the time 
the quantum theory of scattering was presented, their existence 
and the close agreement with the predictions as to their number, 
direction and velocity, supplies strong evidence in favor of the 
fundamental hypotheses of the theory. 


125. Directed Quanta vs. Spreading Waves 


We thus find that the wave-length of the scattered rays is 
what it should be if a quantum of radiation bounced from an 
1C. T. R. Wilson, Proc. Roy. Soc. 104, 1 (1923). W. Bothe, Zeits. f. Phys. 20, De) 


(1923). A. H. Compton and J. C. Hubbard, Phys. Rev. 23, 439 (1924). H. Ikeuti, 
Comptes Rendus, 180, 27 (1925). D. Skobeltzyn, Zeits. f. Phys, 28, 278 (1924). 
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electron, just as one billiard ball bounces from another. Not 
only this, but we actually observe the recoiling billiard ball, or 
electron, from which the quantum has bounced, and we find 
that it moves just as it should if a quantum had bumped into 
it. The obvious conclusion would be that X-rays, and so also 
light, consist of discrete units, proceeding in definite directions, 
each unit possessing the energy Av and the corresponding 
momentum //X. 


126. Waves vs. Conservation of Energy and Momentum 


If we wish to avoid this conclusion, and to retain the idea 
that energy proceeds in all directions from a radiating electron, 
we are presented with an alternative which is perhaps even 
more radical, namely, that when dealing with the interactions 
between radiation and electrons, the principles of the conserva- 
tion of energy and momentum must be abandoned. It is 
indeed difficult to see how the idea of directed quanta can be 
reconciled with those experiments in which interference 1s 
secured between rays that have moved in different directions, 
as for example in the interferometer. The conviction of the 
truth of the spherical wave hypothesis produced by such 
interference experiments at one time led many physicists to 
choose rather the abandonment of the conservation principles. 

The manner in which this alternative presents itself is very 
clearcut. If the energy radiated by an electron striking the 
target of an X-ray tube is distributed in all directions, only a 
very small fraction of it will fall upon any particular electron in 
the scattering material. But this minute fraction of the original 
radiated energy is sufficient to cause the ejection of a recoil 
electron with a considerable fraction of the energy of the initial 
cathode particle. Thus on the spherical wave hypothesis, when 
a recoil electron is ejected, it appears with many times as much 
energy as it receives from the incident radiation. In the cor- 
responding case of the photoelectric effect, we have considered 
(Chapter VIII) the suggestion that energy is gradually accumu- 
lated and stored in the atom from which the photoelectron 1s 
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ejected. In the present case this view is even more difficult to 
defend than in the case of the photoelectric effect, for here the 
loosely bound electrons, and apparently even free electrons as 
well, would have to be able to store up energy as readily as 
those tightly bound within the atom. 

The lack of conservation of momentum on the spherical 
wave view is even more clearly evident than is the sudden 
appearance of energy. For just as in the case of the energy 
received by the scattering electron, so also the impulse received 
by the electron from the incident radiation is on the wave 
theory insignificant. We find, however, that a recoil electron 
moves with a velocity comparable with that of light, suddenly 
acquiring a momentum in the forward direction which is in- 
comparably greater than the impulse it receives from the 
incident ray on the usual wave theory. To retain the conserva- 
tion of momentum, we might suppose that the remaining part 
of the atom recoils with a momentum equal and opposite to 
that of the scattering electron. But the experiments indicate 
that the momentum may be equally readily acquired whether 
the electron is loosely or tightly bound. It is thus clear that 
the momentum acquired depends only upon the scattering 
electron and the radiation, and has nothing to do with the 
remaining part of the atom. According to the spherical wave 
hypothesis, therefore, the electron does not receive an impulse 
as great as it is found to acquire. 

If this work on the scattering of X-rays and the accompany- 
ing recoil electrons is correct, we must therefore choose between 
the familiar hypothesis that electromagnetic radiation consists 
of spreading waves, on the one hand, and the principles of the 
conservation of energy and momentum on the other. We can- 
not retain both. 

The success of the applications of the conservation prin- 
ciples that have been made in this chapter to the problem of the 
scattering of radiation, inclines one to a choice of these prin- 
ciples even at the great cost of losing the spreading wave theory 
of radiation. Bohr, Kramers and Slater,! however, have shown 


1N. Bohr, H. A. Kramers and J. C. Slater, Phil. Mag. 47, 785 (1924); Zeits. f. 
Phys. 24, 69 (1924). 
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that both these scattering phenomena and the photoelectric 
effect may be reconciled with the view that radiation proceeds 
in spherical waves if the conservation of energy and momentum 
are interpreted as statistical principles. 


127. Scattering of Quanta by Individual Electrons 


The essential feature of this suggestion of Bohr, Kramers 
and Slater as applied to the present problem is the hypothesis 
that spherical electromagnetic waves are scattered by “ virtual 
oscillators,” one such oscillator corresponding to each electron 
in the scattering medium. These virtual oscillators scatter the 
radiation in spherical waves in a manner similar to that de- 
manded by the classical theory; but to account for the change 
of wave-length, they are supposed to scatter as if moving with 
such a velocity that the Doppler effect will give the same 
effect as that predicted by the quantum theory. The radiation 
pressure, which on the classical theory would be uniformly 
distributed over all the scattering electrons, appears on this 
view as the momentum of a few recoil electrons. For no 
individual electron is the momentum conserved; but the mo- 
mentum of all the recoil electrons is (over a long period of time) 
equal to the impulse imparted to the whole scattering block by 
the pressure of the radiation. Similarly, the difference between 
the energy spent on the virtual oscillators and that reappearing 
as scattered rays does not appear uniformly distributed among 
all the electrons, but rather as the kinetic energy of a small 
number of “ recoil’ electrons. Thus the energy, like the mo- 
mentum, is conserved only statistically. 

On this view, therefore, the radiation is continually being 
scattered, but only occasionally is a recoil electron emitted. 
This is in sharp contrast with the radiation quantum theory 
developed above, according to which a recoil electron appears 
every time a quantum is scattered. A crucial test between the 
two points of view is possible if one can detect individual recoil 
electrons and individual quanta of scattered X-rays. For on 
the quantum view a beta ray resulting from the scattered X-ray 
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should appear at the same instant as the recoil electron, whereas 
on the statistical view there should be no correlation between 
the time of production of the recoil electrons and the secondary 
beta rays due to the scattered radiation. 

This experiment was devised and brilliantly performed by 
Bothe and Geiger.!_ X-rays were passed through hydrogen gas, 


and the resulting recoil electrons 


idee and scattered rays were de- 
a Gaer" (RRA a tected by means of two differ- 


ent point counters, arranged as 
shown in Fig. 113. Nothing 
was placed over the entrance 
to the chamber for counting the 
recoil electrons, but a window 
of thin platinum prevented re- 
coil electrons from entering the 
chamber for counting the scat- 
tered quanta (“Ay counter ”’). 
Of course not every quantum 
entering the second counter will 
be noticed, for its detection 
depends upon the production 
Fic. 113. of a p-ray. It was found that 
there were about Io recoil elec- 

trons for every scattered quantum that recorded itself. 
The impulses from the counting chambers were recorded on 
a moving photographic film, as shown in Fig. 114. Here the 
upper record is that of the recoil electron counter, and the lower 
one that of the quantum counter. The successive vertical lines 
represent intervals of .oo1 second. In this picture are shown J, 
an accurately simultaneous emission of electron and quantum, 
and B, a recoil electron for which no associated scattered quan- 


1'W. Bothe and H. Geiger, Zeits. f. Phys. 26, 44 (1924); 32, 639 (1925); Naturwis- 
senschaften, 20, 440 (1925). 

A similar experiment, but with less definite results, has been performed also by 
R. D. Bennett, Proc. Nat. Acad. 11, 601 (1925); cf. also A. H. Compton, Proc. Nat. 
Acad. 11, 303 (1925). 
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tum was recorded. In observations over a total period of over 
five hours, 66 such coincidences were observed. Bothe and 
Geiger calculate that on the statistical theory of Bohr, Kramers 
and Slater the chance is only 1 in 400,000 that so many co- 
incidences should have occurred. 

We have found from the cloud expansion experiments that 
on the average there are about as many recoil electrons as there 
are scattered quanta. Combining this result with that of Bothe 
and Geiger’s experiment, we see that there is a quantum of 


scattered X-rays associated with each recoil electron.! This is 
directly contrary to the suggestion made by Bohr, Kramers 
and Slater. 


128. Directed Quanta of Scattered X-rays 


Important information regarding the nature of the quantum 
associated with the recoil electron may be obtained by study- 
ing the relation between the direction of ejection of the recoil 
electron and the direction in which the associated quantum 
proceeds. According to equation (9.06) we should have the 
definite relation 

tan4¢ =— 1/(1 + a) tané. (9.08) 


1In Table [X—1 we see that especially for the longer waves, Np/Np is somewhat 
less thang /r, i.e., the number of recoil electrons is slightly less than the number of scat- 
tered quanta. This is probably due in part to the fact that for the unmodified scat- 


tered rays no recoil electrons should appear. 
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On the quantum theory, therefore, if the scattered ray produces 
a beta ray, the direction ¢ in which the ray appears should be 
related to the angle @ of the recoiling electron by the same 
expression. But according to any form of the spreading wave 
theory, including that of Bohr, Kramers and Slater, the 
scattered rays may produce effects in any direction whatever, 
and there should be no correlation between the directions in 
which the recoil electrons proceed and the directions in which 
the secondary beta rays are ejected by the scattered X-rays. 


LEAD BOX AROUND TUBE 


SHUTTER 


LEAD BOX AROUND CHAMBER 


X-RAYS > 


FILTER | 


This test has been made by means of a Wilson cloud expan- 
sion apparatus,' in the manner shown diagrammatically in Fig. 
115. Each recoil electron produces a visible track, and occa- 
sionally a secondary track is produced by the scattered X-ray, 
as in Fig. 116. When but one recoil electron appears on the 
same plate with the track due to the scattered rays, it is possible 
to tell at once whether the angles satisfy equation (9.08). 


FIG. 115. 


‘This experiment was suggested by W. F. G. Swann, and performed by A. W. 
Simon and the author, Proc. Nat. Acad. Sci. 11, 303 (1925); Phys. Rev. 26, 289 (1925). 
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By the device of placing thin lead diaphragms in the expan- 
sion chamber, the probability that a scattered quantum would 
produce a beta ray inside the expansion chamber was made as 
great as I in $0. On the last 850 plates, 38 show both recoil 
tracks and secondary beta ray tracks. In 18 of these cases the 
observed angle ¢ is within 20 degrees of the angle calculated 
from the measured value of 6, while the other 20 tracks are 
distributed at random angles. This ratio 18 : 20 is about that 
to be expected for the ratio of the rays scattered by the part of 


Fic. 116. 


the air from which the recoil tracks could be measured to the 
stray rays from various sources. 

Figure 117 shows graphically how the secondary beta rays 
are concentrated near the angle calculated from the direction of 
ejection of the recoil electrons.! The fact that so many of the 


1 When only one recoil electron and one secondary electron appeared on a photo- 
graph, the procedure was to record first the angle @ at which the track of the recoil 
electron begins. Then the angle ¢ between the incident ray and the line joining the 
origin of the recoil track and the origin of the secondary track was noted. The differ- 
ence between this angle and the angle ¢ calculated from @ by equation (9.08) was called 
A, and this value of A was assigned a weight of unity. When a number x of recoil 
tracks appeared on the same plate with a secondary track, the value of A was thus 
determined for each recoil track separately, and assigned a weight of 1/7. Following 
this procedure there are values of A which are distributed approximately at random 
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secondary tracks occur at angles for which A is less than 20° 
means that equation 9.08 holds for each individual scattering 
event within experimental error. There is only about 1 chance 
in 250 that this agreement is accidental. 

Since the only known effect of X-rays is the production of 
beta rays, and since the meaning of energy is the ability to 
produce an effect, this result means that there 1s scattered wks 
ray energy associated with each recoil electron sufficient to pro- 


~ 
°° 


~Q 


2 


“ 


7.92.7 


w 


+> 


& 


wn 


Weighted Number Secondaries+> 


0 2° mo? 6,0 BO’ 100° 12g” 140° 180 
Deviation, & ——- 
BiGa it 


duce a beta ray and proceeding in a direction determined at the 
moment of ejection of the recoil electron. In other words, the 
scattered X-rays proceed in directed quanta of radiant energy. 
Since other experiments show that these scattered X-rays 
can be diffracted by crystals, and are thus subject to the usual 
laws of interference, there is no reason to suppose that other 


between o and 180° due to the 7 — 1 recoil electrons which are not associated with the 
secondary track. This is in addition to the random values of A resulting from the 
presence of stray X-rays. Plates on which more than three recoil tracks appeared 
were discarded. 


EJECTION OF BOUND ELECTRONS 285 


forms of radiant energy have an essentially different structure. 
It thus becomes highly probable that all electro-magnetic radia- 
tion 1s constituted of discrete quanta proceeding in definite 
directions. 

This result, like that of Bothe and Geiger, is irreconcilable 
with Bohr, Kramers and Slater’s hypothesis of the statistical 
production of recoil and photoelectrons. On the other hand, 
we see that equations (9.04), (9.05) and (9.06) are completely 
verified. 

Unless the experiments we have been considering have been 
affected by improbably large experimental errors, I can see no 
escape from the conclusion that the fundamental assumptions 
on which the quantum theory of scattering is based are valid. 
To be specific, (1) that the incident X-ray beam is divisible into 
discrete units possessing energy Av and momentum fy/c, and 
that these units, or quanta, may be scattered one at a time in 
definite directions by individual electrons, and (2) that when a 
quantum is scattered by an electron, energy and momentum 
are conserved in the process. 

How these conclusions are to be reconciled with the experi- 
ments which have led to the wave theory of radiation is another 
and a difficult question. The very considerable success of the 
wave theory as applied in Chapters III, IV, and V to problems 
of the intensity of X-ray scattering gives confidence that such a 
reconciliation must be possible. The main point of this chapter 
has been, however, to show how existing evidence demands 
that we adjust our ideas to include the existence of directed 
quanta of electromagnetic radiation. 


II]. QUANTA SCATTERED BY BOUND ELECTRONS 


129. Ejection of Bound Electrons by Scattered Quanta 


If we retain the conception used in the theory of scattering 
by free electrons, that each X-ray quantum is scattered by an 
individual electron, two cases are to be considered, that in 
which the electron is not ejected from its atom, and that in 
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which the scattering electron receives an impulse sufficient to 
eject it from the atom. 

In the first case, evidence from X-ray spectra indicates that 
there is no resting place for the electron within the atom after 
it has scattered the quantum unless it returns to its original 
energy level. The final energy of the atomic system is thus the 
same after the quantum is scattered as it was before (the 
kinetic energy imparted by the deflected quantum to a body as 
massive as an atom being negligible), implying that the fre- 
quency of the scattered ray is unaltered. Scattering by this 
process would thus give rise to an unmodified line, as has been 
suggested above (p. 14). In the second case, however, part of 
the energy of the incident quantum is spent in removing the 
scattering electron from the atom, part is used in giving to the 
electron and the ionized atom their final motions, and the re- 
mainder appears as the scattered ray. It is clear that all the 
quanta scattered in this manner will be modified. We wish to 
determine what fraction of the rays will be modified, and to 
what extent the wave-length will be changed. 


130. Limits Imposed by Conservation of Energy 


Some information on these points is available from simple 
considerations of the conservation of energy.! The energy 
equation is, 


hy = hv’ thy + mals - 1) + aM 12s (oneo) 
= 6? 


VI 


where, as compared with equation (9.01), Ay, is the energy 
required to remove the scattering electron from the atom, and 
2MV? is the kinetic energy imparted to the remainder of the 
atom. The frequency »’ will be a maximum when the kinetic 
energy of the electron is zero, in which case, since }MV? is 
negligible compared with Ay», 


hi wax = hv — hrs, 
or 
OX min = Naas peers AF = ?/(A, ra d). (9. 10) 


1 Cf. A. H. Compton, Phys. Rev. 24, 168 (1924). 
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There is no finite lower limit to the frequency, since equation 
(9.09) may be satisfied with »’ = o. Thus the wave-length of 
the scattered ray may have any value for which ! 


NM > r+ 22/(A, — 2d). (G11) 


It is possible for the electron to be thrown from the atom, 
and hence for a modified ray to be produced, only if » > ». On 
the other hand, it is consistent with this equation and the cor- 
responding momentum equations for the whole atom to take 
the impulse due to the quantum, in which case the energy lost 
by the quantum is negligible. Thus a modified ray is never 
definitely predicted when the momentum of the atom as well as 
that of the scattering electron is considered. Though these 
limiting conditions are very broad, they are nevertheless 
sufficient to rule out any modified ray in the case of the experi- 
ments by Ross in which ordinary light was scattered by paraffin 
and reflected from mirrors (see p. 272). 


131. Assumption of Instantaneous Action on Electron 


In order to obtain a more definite solution of the problem, 
we must make some assumption regarding the manner in which 
the X-ray quantum acts on the electron. Probably the sim- 
plest dynamical picture ? is given by the assumption that the 
quantum’s action is instantaneous and is applied to the elec- 
tron. If the impulse is sufficient to eject the electron from the 
atom, we then calculate the wave-length change from the differ- 
ence in kinetic energy of the scattering electron just before and 
just after impact; whereas if the impulse is insufficient to eject 

1 This is precisely the wave-length range predicted by Clark and Duane’s hypoth- 
esis of “tertiary radiation” (see Note 1, p. 11). The present theory, however, does 
not demand a continuous spectral energy distribution over this range, as did theirs. 

2 Other typical assumptions that might be made are (a) when the electron is ejected 
the ionized atom remains at rest, and (4) that the atom absorbs from the incident quan- 
tum sufficient energy to free the electron, which then scatters the remainder of the 
quantum in a definite direction. These hypotheses have not been found to give as 


satisfactory agreement with experiment as the simpler hypothesis discussed here (cf. 
A. H. Compton, Phys. Rev. 24, 168 (1924)). 


288 X-RAYS AND»: ELECERONS 


the electron we must suppose an unmodified ray to be produced. 
In the limiting case, in which the electron is ejected, but with 
zero final kinetic energy, it will be seen that equation (9.10) 
must give the wave-length of the modified ray. On this assump- 
tion, therefore, the wave-length of the modified ray 1s calculated 
from energy and momentum equations like those (g.01)- 
(9.03) used for free electrons, except that the initial momentum 
of the scattering electron is not zero but is the momentum of its 
orbital motion, noting, however, that only the wave-lengths 
included in equation (9.11) can occur. It is on this basis that 
Jauncey has developed his theory! of the broadening of the 
modified line and of the relative prominence of the modified 
and unmodified lines. 

Let us write p as the momentum of the electron in its orbit 
immediately before it scatters the quantum, and /, m, 7 its 
direction cosines. Just after the impact but before the electron 
has moved appreciably from its orbit, the corresponding quan- 
tities are p’, /’, m’, n’. We shall write also 6 = p/mc and 
b' = p'/mc. The kinetic energies before and after impact are 
then given by the equation (cf. eq. 4, Appendix VI). 


a EA) ete er aia tee ee (9.12) 


where a = hv/mc? and a’ = hv'/mc? as before. We have now 
3 momentum equations (cf. eqs. § and 6, Appendix XI), 


X at bdl=ah,+d7l (9.13) 
ie o + bm = o!m, + b'm' (9.14) 
Z o+bn=o+8'n', (9.15) 


where /;, mm, © are the direction cosines of the scattered ray. 
Also, of course, 


['2 + m2 4- 9’? = J, (g. 16) 


1G. E. M. Jauncey, Phys. Rev. 25, 314 and 723 (1925). In an earlier paper he 
developed a less satisfactory theory on slightly different assumptions (Phil. Mag. 4g, 
427, 1925). 
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132. Theory for Circular Orbits 


In order from these 5 equations to determine a’, 4’, 1’, m’ 
and 2’, we must know the initial value of the electron’s momen- 
tum, or 4, /, m,n. Jauncey takes the motion to be that of the 
electron in its Bohr orbit in the atom. For circular orbits, 
neglecting screening effects, this is given by equation (8.31) as 


Pp = MCN 2a, — a,” /(1 = as) 


where a, = Av,/mc? and », is the critical ionization frequency 
for the electron in its orbit. Thus 


b =V 20, — a2/(1 — a). (9.17) 


Using this value, we find on solving the above equations, 


Ne u — (lol, + mm) 

i a 1 — ol : ne) 
where 

u=t1+a(I —a,)(1 — A), 
and (gato) 


vp =V 20 — a,2. 


The maximum and minimum values of this ratio can be 
shown to be, 


Na u—vh toVi + 2 — 2h — vm? 


r I — v? Ces) 


This means a change of wave-length of magnitude, 


ee eG — a s/t = 


LW #, 


dv 
I — v2 


Vi + uw? — 2ul, — vm. (9.21) 


When a is small and a, is very small this becomes approxi- 


mately 
ds = ad(1 — 4) + 2AV a, (1 — A) 


=yvers¢ + 2AV a, vers ¢. (gx22) 
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If we assume that the probability that an electron will scatter 
the quantum is independent of the electron’s velocity, the 
intensity of the scattered rays should be nearly uniform over 
this range of wave-lengths. 

In the case of the molybdenum Ka rays scattered at go 
degrees by electrons in the K orbits of carbon, \ = .710A, 
A, = 49A, a, = .00050, and vers @ = I, whence 6X =-.0243 + 
.0317A, according to equation (9.22). This band due to the 
modified rays is represented in Fig. 118 by the rectangle extend- 
ing from 4 to B. The line OP represents the wave-length of 
the primary ray, and M represents the modified ray according 


P 


to equation (9.04). The breadth 4B of this modified band 
may be thought of as due to the Doppler effect arising from the 
orbital motions of the scattering electrons. 

According to equation (9.10), however, only those wave- 
lengths can occur in the modified line for which 6\ > .o12A; 
that is in Fig. 118, only the shaded portion of the rectangle 
between C and B can be present. Those collisions between elec- 
trons and quanta which would have resulted in 5 between 4 
and C' cannot eject the recoiling electron, and so must give rise 
to unmodified rays. On this theory therefore if O4 > OC no 
unmodified ray will be present, whereas if OC > OB all the 
rays scattered by electrons in such orbits should be unmodified. 
It is a significant fact that according to this criterion an un- 
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modified line due to the K electrons in carbon should occur in 
each curve of Fig. 108; but in the case of lithium, as shown in 
Fig. 110, using \, = 235A and ¢ = 110°, OC = .co2A. while 
Od = + .017A, so that no unmodified ray should occur. The 
agreement of the experiments with these predictions gives some 
confidence in Jauncey’s theory. 

Regarding the relative intensities of the modified and the 
unmodified lines, Jauncey’s theory is not so specific. The 
simplest assumption would be to suppose that the ratio of the 
number of unmodified to modified quanta is equal to the ratio 
of the unshaded to the shaded portion of the rectangle ZB. It 
is very likely, however, that there is a greater a priori proba- 
bility for an unmodified encounter than for one resulting in a 
modified ray. We have seen in Chapter III that there is good 
evidence that the electrons within an atom cooperate with each 
other through interference. It seems impossible that such co- 
operation should occur for the modified ray, whose interpreta- 
tion rests upon the assumption that each quantum is scattered 
by a single electron. If this is correct, we must ascribe any 
existing cooperation to the unmodified ray. That is, to account 
for the fact that for great wave-lengths scattered at small angles 
the intensity is greater than calculated for independent elec- 
trons, we should have to assume that an encounter resulting in 
an unmodified ray, in which the whole atom may be effective, 
is intrinsically more probable than one that gives rise to a 
modified ray. Thus the ratio of the energy in the unmodified 
ray to that in the modified ray should be greater (by a factor 
which is undetermined) than the ratio of AC to CB of Fig. 118. 
This conclusion, though only qualitative, is in accord with the 
experiments. 


133. Case of Elliptic Orbits 


In the experimental spectra of the scattered rays shown in 
Figs. 108-112, though the modified line 1s always diffuse, it is 
not as broad as represented by the shaded area in Fig. 118. 
Jauncey ascribes this to the fact that most of the electrons 
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which scatter the X-rays are, in accord with current atomic 
theory, revolving in elliptic orbits, and are most of the time 
moving comparatively slowly in the outer parts of their orbits. 
The method of solving the problem! is the same as for the 
circular orbits, except that the result has to be averaged over 
the different possible velocities of the electron in its orbit. 
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The results of such a calculation in the case of carbon are 
shown in Fig. 119, taken from Jauncey’s paper. It is assumed 


that in the carbon atom there are: 


2 electrons in circular K (11) orbits for which 


2 electrons in circular Ly (22) orbits for which 


and 


2 electrons in elliptical Z; (21) orbits for which 


1G. E. M. Jauncey, Phys. Rev. 25, 723 (1926). 
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The lower left corner of the figure shows separately the contri- 
butions to be expected at @ = 30° from each electron group, 
the lines 4, B and C representing the minimum wave-length 
change ?/(A, — d) for the K, Ly and L; electrons respectively. 
In the upper left figure the three curves are combined to show 
the calculated form of the modified band for ¢ = 30°. At the 
right is a similar curve for ¢ = go°. 


134. Partial Experimental Confirmation 


The general form of the calculated curves is rather similar 
to the observed ionization curves shown in Figs. 108 and Ito. 
They agree also with Sharp’s experiments (p. 12) in placing the 
peak of the modified line exactly at 5\ = y vers ¢. The ob- 
servation of the discontinuous character of curves I and II is 
beyond our present experimental technique. On the whole, 
however, it seems that the width of the lines as thus calculated 
is greater than indicated by the experiments. This is shown in 
a striking manner by Ross’ photograph reproduced in Fig. 111, 
in which the lines are sufficiently sharp to separate the modified 
Ka; from the modified Kaz lines, though these are separated by 
only .0043A. Fig. 111 represents the rays scattered from 
aluminium, but similar photographs by Ross using rays scat- 
tered by carbon also show these lines resolved.! In curve II of 
Fig. 119, the horizontal plateau at the top of the curve has a 
width of about .oo6A, which would make the resolution of these 
lines impossible. Unless this apparent resolution is due to 
some idiosyncrasy of the photographic plate, we must conclude 
that Jauncey’s theory in its present form predicts too great a 
width for the modified lines. 

If we grant that in the production of the modified rays 
single quanta are scattered by single electrons and that energy 
and momentum are conserved in the process, this means either 
that the time of interaction between the quantum and the 
electron is not negligible, or that the electrons are not moving 


1 These photographs using a carbon radiator are reproduced in a paper by the author 
in Franklin Inst. J., July, 1924, p. 64. 
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as fast inside the atom as the Bohr-Sommerfeld theory sup- 
poses. More experimental information is however needed re- 
garding the shape of the modified line before we can give this 
part of the theory a really adequate test. 

The most definite test of the present theory is afforded by 
measurements of the angle at which the unmodified line dis- 
appears for different wave-lengths and different scattering 
materials. This limit is determined by the most firmly bound, 
or K, electrons in the scattering material, and is given from 
equations (9.10) and (g.22) by, 


y 


a 


O\min = x oo Verses: a2V a vers ¢. (9.224) 


DeFoe! has recently measured the ratio of the modified to the 
unmodified scattering by comparing the absorption coefficients 
of the primary and scattered rays. His results are throughout 
in rather satisfactory accord with Jauncey’s theory. On the 
other hand, Woo’s recent spectra, such as those in Fig. 110, show 
unmodified lines in the rays scattered by beryllium and boron. 
This is contrary to the predictions of equation (g.22a). 

A third test of the theory lies in a calculation of the ratio 
of the number of recoil to photoelectrons observed in the cloud 
expansion photographs. Jauncey and DeFoe ? have attempted 
to account on this basis for the differences between the values 
of Nr/N> and observed in the experiments of Simon and the 
author; but, as we have seen, systematic errors in the experi- 
mental values of Nr/N» are so prominent for the wave-lengths 
at which these differences are observed that such a test is of 
little significance. As I am writing this, however, a paper by 
Nuttall and Williams * appears in which Jauncey’s theory is 
applied to a set of their own experimental values of Nr/N>, 
obtained with X-rays reflected from a crystal. Their data, 
shown in Table IX~-4, seem to be free from the systematic errors 
which affect the data of Simon and the author for these wave- 


10. K. DeFoe, Phys. Rev. 1926. 
?G. E. M. Jauncey and O. K. DeFoe, Phys. Rev. 26, 433 (1925). 
8 J. M. Nuttall and E. J. Williams, Manchester Memoirs, 70, 1 (1926). 
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lengths. It will be seen that their observed Nz/N> values agree 
more exactly with the values in the last column calculated on 
the basis of Jauncey’s theory than they do with the values of 
g/7. Nuttall and Williams consider the agreement between the 
last two columns to be within the combined probable error of 
the experiments and the calculations. 


TABLE IX-4 


NumsBer or Recoi, AND PHOTOELECTRON TRACKS 


RTracks,| PTracks,| o |Nr Nr 
Gas Nin 4 Ne ie zs z Obs. Np Cale: 
Je Sasaki eae EPSP ler eevee che eo ttars 02 00 
Os OWasteo rita canna 614 11g 613 28 194 SONG 
INTELOD CHAS sete we aes 614 116 406 42 . 286 . 340 
UMites Be tere fia So 1307 418 41 238 ay 
LNT pete) 2e 7 Bile iar ee als 153 97 a | HOG 1.61 


It thus seems that when we take into consideration the 
effect of the electron’s motions in their orbits, and the energy 
required to remove them from their atoms, we are able to 
account for the main departures from the simple theory. That 
is we account for the existence of the modified line and the fact 
that it increases in relative prominence with increasing wave- 
length and atomic number, we interpret the broadening of the 
modified line, and we explain the fact that for the softer rays 
the number of recoil electrons is somewhat less than the number 
of scattered quanta. 

The evidence seems to show, however, that in its details the 
theory as developed by Jauncey does not accurately describe 
the width of the modified line, nor predict correctly the occur- 
rence of the unmodified line. This partial failure may be due 
to an appreciable time of interaction between quanta and elec- 
trons, or it may be that the electrons do not move with as great 
velocity as the current form of atomic theory would lead us to 
expect. 
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III. INTENSITY OF THE SCATTERED X-RAYS 


135. Unsatisfactory Status of Existing Intensity Formulas 


We are not in a position to develop a quantum theory of the 
intensity of the scattering of X-rays on the basis of principles 
sufficiently well established to give us confidence in the correct- 
ness of the solution at which we arrive. The problem 1s not 
however hopeless, as is indicated by the fact that the very first 
of the many quantum theories that have been presented gives 
results which, though perhaps somewhat arbitrary, are correct 
within the precision of our present experiments. 


136. Limiting Formulas Suggested by Correspondence Principle 


All forms of the quantum theory of X-ray scattering are 
based on the assumption that for long wave-lengths, where 
the motion imparted to the scattering electron is small, the 
intensity of the scattered rays approaches that assigned by 
Thomson’s classical theory. That is, if ¢ is the angle of scat- 
tering and J is in intensity of the primary rays, an electron 
scatters rays of intensity (eq. 3.04), 

et 


Mt cowie — cos? ¢). (9.23) 


Similarly, the scattering coefficient per electron is (eq, 3-06), 


Sr e* 


o = — >>: 
7 OTC 


(9.24) 


For the shorter wave-lengths, the scattering electron recoils 
away from both the primary ray and the scattered ray, and 
analogy with the classical Doppler effect would demand that 
the intensity be less than given by equation (9.23). It should, 
however, approach equality with this expression for ¢ = 0, 
since at this angle the velocity of recoil is zero. 

Following the ideas underlying Bohr’s correspondence 
principle, we should expect to find an intensity which lies be- 
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tween the value assigned by equation (9.23) and that which one 
would calculate according to the classical theory for an electron 
moving with the final recoil velocity at the angle 6 given by 
equation (9.06). By use of Pauli’s elegant method of “‘ normal 
coordinates,” Breit has shown! that this minimum limit for 
the intensity at the angle ¢ is 


Lema = Ly (v/v), (9.25) 


where v’ and v are the scattered and incident frequencies respect- 
ively, and J, is given by (9.23). From equation (9.04) this 
becomes, 


Lymn = [./(1 + a vers ¢)*. (on26) 


The true value of /¢ should thus lie between that given by 
(9.23) and that assigned by equation (9.26). As we shall see, 
the experimental values for X-rays of short wave-length do 
seem to lie between these limits. 

The assignment of such limits is as far as we have been able 
to carry the theoretical calculation with any considerable de- 
gree of assurance. We do not know what rule should guide us 
in taking the average between equations (9.23) and (9.26). 
We are, however, able definitely to rule out some formulas that 
have been suggested. 


137. Proposed Intensity Formulas 


1. Debye. In Debye’s original presentation of the quantum 
theory of scattering 2 he suggested that the number of quanta 
scattered in any direction ¢ might be that assigned by the 
classical theory, namely J./Av, but in view of the reduced fre- 
quency the energy in each quantum would be reduced in the 
ratio hv’/hv. This leads at once to the expression 


3 I 1+ cos? ¢ 


Vv 
hs = 1,-— — Lo-5 F Tg a vers Bs (Debye), (9.27) 


1G. Breit, Phys. Rev. 27, 242 (1926). 
2 P. Debye, Phys. Zeits. 24, 161 (1923). 
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where Jo = Je*/m?r2c4 is the intensity of the rays scattered at 
@ = o according to both limiting equations (9.23) and (9-26). 
Equation (9.27) obviously lies between (9.23) and (9.26), and 
is thus a kind of average between the two. 

Though the intensity of the scattered rays is thus reduced, 
since the number of scattered quanta remains unchanged the 
energy removed from the primary beam is also unaltered. Thus 
the scattering absorption coefficient, or fraction of the primary 
energy removed by the scattering process, is the same as on the 
classical theory. That is, 


¢ =o. (Debye) (9.28) 


Whatever uncertainties may be present in the experiments, one 
thing which is definitely established is that the total absorption 
of hard X-rays and y-rays is less than a (see Fig. 31). Since 
o cannot be greater than the total absorption, it follows that it 
is experimentally less than oo. This definite conflict with ex- 
periment excludes Debye’s form of the theory of the intensity 
of scattered X-rays. 

2. 4. H. Compton—Woo. It is an interesting fact that the 
wave-length 0’ represented by equations (9.04) varies with the 
angle just as one would expect from a Doppler effect due to 
electron moving in the direction of the primary beam. We 
have from equation (9.04), 


v/v = 1/(1 + avers ¢); (9.29) 


but according to the Doppler principle, if the scattering elec- 
trons are moving with a velocity Bc in the direction of the 
primary beam, the frequency of the scattered ray is given by 


1/(1 + 2a vers s). (9. 30) 


a/(I + a), (9.31) 


equations (9.29) and (9.30) become identical. Thus the change 
in frequency predicted by the quantum theory can be calcu- 


v/v 
If @ has the value 


B 


I 
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lated also from the classical theory if we suppose that the 
scattering electrons are moving forward with the velocity 
pee 

It is natural to suppose, since when applied to such moving 
electrons the classical theory gives the correct wave-length, 
that it will give also the correct intensity. By a mixed classical 
and quantum treatment of the problem, the author showed 2 
that if the scattering electron is moving in the direction of the 
primary beam with a velocity 8c, the ratio of the intensity at 
an angle ¢ to that scattered in the forward direction is 


teh ml (1 + avers ¢)5 Woo (9.32) 


The solution of the problem was completed by Woo,? who 
applied Lorentz transformations to the electromagnetic field 
due to a scattering electron at rest. He found that the inten- 
sity scattered in the forward direction by an electron with the 
velocity ac/(1 + a) is 


Ty 11 + cos? ¢ + 2a(1 + a) vers? ¢ ete 


aac + 2a) 7 


mr? 


1 


='0) 


I,(1 + 2a). (Woo) (9.33) 


1 It so happens that this velocity fc is just that which an electron would acquire by 
the absorption of the energy quantum /y or by scattering such a quantum (A. H. Comp- 
ton and J. C. Hubbard, Phys. Rev. 23, 442, 1924). This has led several writers to 
derive a semi-classical theory of the wave-length change, based on the idea that the 
electron scatters its energy in all directions after it has acquired the velocity 
Be. Cf. C.R. Bauer, C. R. 177, 1211 (1923); C. T. R. Wilson, Proc. Roy. Soc. 104, 1 
(1923); K. Forsterling, Phys. Zeits. 25, 313 (1924); O. Halpern, Zeits. f. Phys. 30, 153 
(1924). ‘ 

On this view, the recoil electrons should all move forward with the velocity fe. 
The experiments of Simon and the author, described on p. 18, show, however, maximum 
velocities twice as great as this, and velocities varying in magnitude and direction in 
complete accord with the directed quantum theory. Thus fc represents merely an 
“ effective” velocity, not a real velocity, of the recoil electrons. 

2 A. H. Compton, Phys. Rev. 21, 493 (1923). 

3 Y. H. Woo, Phys. Rev. 25, 444 (1925). Partial solutions of this problem have 
been offered also by, K. Forsterling, Phys. Zeits. 25, 313 (1924); O. Halpern, Zeits. 
f. Phys. 30, 153 (1924). A simple and complete solution is given by G. Wentzel, Phys. 
Zeits. 26, 436 (1925), who also presents an excellent review of the whole subject. 
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It follows that 


I I + 2a 
2(1 + avers ¢) 


Tens i, 


{1 + cos? ¢+ 2a(1 + a) vers? ¢}. (Woo) (9.34) 


We see at once that equation (9.33) does not agree with 
(9.23) and (9.26), according to which 7,., should equal Jo. 
Thus equation (9.34) cannot be correct unless even the broad 
form of the correspondence principle used in deriving the two 
limiting equations is inapplicable. 

The most significant experimental test is again obtained 
by evaluating the scattering absorption coefficient. The total 
number of scattered quanta is clearly 


na : 
nN, =i gite 2ar? sin ¢d¢. 


But each of these quanta represents the removal of energy Ay 
from the primary beam. The scattering absorption coefficient, 
or fraction of the incident energy which is scattered per elec- 
tron, is therefore 
nAv tle pv sia 5 
mares 7 pat sin ¢d¢. (Ougs) 


/ 
Vv 
oO 


Substituting J, from equation (9.34) and »/»’ from (9.29) and 
integrating, we obtain 


8x et 


ape ere (Woo) (9.36) 
We have already noticed the inconsistency of this result with 
the experimental fact that o is for short wave-lengths very 
considerably less than o,. On this basis Woo concluded that 
the present method of calculating the intensity is unreliable. 
3. 4. H. Compton... We have seen that equations (9.23) 
and (g.26) determine J,_, as equal to J,. If we assume also 


1A. H. Compton, Phys. Rev. 21, 491 (1923). 
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that the relative intensity at different angles is given by 
equation (9.32), then 

II + cos? ¢ + 2a(1 + a) vers? ¢ 
2 (1 + avers ¢)5 


(Compton) (9.37) 


SERSTEREr Snr Erie eeeeners corer 
0° 30° 60° 90° 120° 150° /80° 
Angle of Scattering —> 


Fic. 120. 


In Fig. 120 this value of J, is plotted as the broken line C for 
a = 1.42, while equations (9.23) and (9.26) are represented by 
curves 0 and 4 respectively. It will be seen that although the 
broken line lies between these two curves for the greater part of 
its length, at small angles ¢ it falls below curve 4. At these 
angles, therefore, equation (9.37) predicts values of the in- 
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tensity less than the minimum limit (eq. 9.26) based on 
the correspondence principle. It therefore seems difficult to 
reconcile the present formula for the intensity with the cor- 
respondence principle.1 On the other hand this formula is in 
surprisingly good accord with the experiments. 

When we calculate the scattering absorption coefficient 
according to equation (9.35), using the value of J, given by 
equation (9.37), we obtain 


o = oo/(1 + 2a). (Compton) (9g. 38) 


This formula indicates a reduction in the scattering absorption 
with increasing frequency, which is in good accord with the 
experiments. 


4. Jauncey. An interestingly novel solution of the problem 
has been presented by Jauncey.? He conceives of the scattering 
of X-ray quanta by electrons as analogous to the bounding of 
peas from a football. If a is the effective radius of an electron, 
the probability that it will be struck by a quantum of negligible 
size which traverses unit area surrounding the electron, is equal 
to the cross sectional area 7a? of the electron. But this is by 
definition the scattering coefficient per electron, 1.e., 


ee re 
ie eee ena 9 
BQ iteC* 
Thus 
pa ae 
3 mc? 


which is of the same order of magnitude as the radius a = 
$e”/mce? of the usual electron theory, calculated on the assump- 


1 It would be possible for the average value of the intensity to be less than the inten- 
sity ‘rom an electron with the final velocity if some of the intermediate velocities were 
greater than the final velocity. For example, an electron might be set in motion by 
receiving the initial quantum, and then be reduced to its final velocity by scattering 
the quantum in the forward direction. While such a process seems improbable, it 
makes one hesitate to rule equation (9.37) definitely out on the basis of the corre- 
spondence principle. 


2G. E. M. Jauncey, Phys. Rev. 22, 233 (1923). 
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tion that the electron is a spherical shell of electricity. Such an 
agreement as to order of magnitude is all that one could 
anticipate. Ifthe electron, then, has the effective size assigned 
by this expression, the scattering coefficient will have the value 
oo assigned by the classical theory. 

In order to calculate the distribution of the scattered rays, 
Jauncey assumes such a shape for the electron that if the quan- 
tum is of negligible mass (i.e., of great wave-length) the de- 
flected quanta will be distributed according to the relation 
(1 + cos?¢). For frequencies so high that the mass of the 
quantum is comparable with that of the electron, the electron 
will recoil from the scattered quantum, resulting in a greater 
probability for the quantum to move in a forward direction. 
Neglecting any change in the effective shape of the electron 
resulting from the high velocity acquired from impact with 
such a quantum, he is able to calculate in this way the relative 
intensity of the rays at different angles @ for incident rays of 
any frequency. In order that 7,_, should remain equal to 
Io, he finds it necessary to suppose that the effective radius of 
the electron is less for quanta of large frequency or large mo- 
mentum, by the factor 1/(1 + a). Since the scattering absorp- 
tion coefficient per electron is equal to the electron’s effective 
area, this is at once 


(Jauncey) (9.39) 


oC = 


I 
Fe ae eT 
ea) 
The corresponding intensity of scattering is 


11 + cos? ¢ + al4 ie 6a 1 4a? + a) vers” 
a (1+ @ vets 6){1 + (a 4 ga”) vers ¢}* 


sf = 1, © (9. 40) 

Formulas (9.39) and (9.40) differ from (9.38) and (9.37) 
respectively only in the second and higher powers of a. Due to 
the Fitzgerald contraction, the effective shape of the electron 
should be altered at high speeds by a term depending on 6? and 
hence on a. No direct method of calculating this correction 
has been found; but Jauncey shows that if the shape 1s made a 
suitable function of a? equations (9.40) and (9.39) may be 
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changed into the form of (9.37) and (9.38). In the form (g. 40), 
Jauncey’s theory, as represented in the dotted line / of Fig. 
120 also falls outside the limits assigned by the correspondence 
principle. It does not seem improbable, however, that by 
assuming a suitable alteration with velocity of the the electron’s 
“shape”? Jauncey’s theory might give an expression falling 
within these limits. 

5. Breit. Guided to a large extent by the form of his limit- 
ing equation (9.26), Breit has suggested the empirical expres- 
sion,! 

I 1+ cos? @ ; 
2 (le avers os ane (9.41) 
This is obviously a kind of mean between (9.23) and (9.26). 

The value of «, calculated by equation (9.35) from Breit’s 

formula for /,, is given by the expression, 


Pore (eee ane i 
& 4 | tL -1a2a log (1 + 22)| 


= 09'3(1 + a) {§ — 2(2a) ee 
+ $(20)? — (20)? +...}-[20 < J] 


To the first order of a this is identical with equation (9.38), and 
the precision of the present experiments is probably insufficient 
to distinguish between the two. 

6. An Alternative Solution. Breit has shown ? that a calcula- 
tion, based on the Doppler principle, of the frequency of the ray 
scattered in the direction @ by an electron recoiling in the 
direction @ with the velocity 6c assigned by equation (9.05), 
gives 


ioe sith 


yee I ie 2 
v (1 + avers ¢)? 7 :) 
Thus the true modified frequency »’ is the geometric mean 


between the primary frequency » and the frequency y’’ cal- 
culated classically as from the recoiling electrons, i.e., 


ag if Rep AH 
Pe Pa ie Pilate 


1G. Breit, Phys. Rev. 27, 242 (1926). 
*G. Breit, loc. cit. 


PROPOSED INTENSITY FORMULAS 305 


We might reasonably argue that the intensity should likewise 
be the geometric mean between the classical value J, and the 
value Jnin Calculated classically (eq. (9.26)) from the recoiling 
electrons. That is, 

ed Oe oe ae § 


ewe 
@ i | bat 
Using the value of I./Imin = (I + avers ¢)* as given by 


(9.26), and recalling that 7, = /,-4(1 + cos? ¢), we thus have 


at once, 


or 


” I 1+ cos? ¢ 
eee 2(1 + avers $)2 


(9.43) 


This represents the simplest possible average of the two limit- 
ing values of the intensity assigned by the correspondence 
principle. 

The scattering absorption coefficient calculated from this 
expression according to equation (9-35) is 


¢= vo =e + wer) log’ (i += 2a) = 1}. (9.44) 


a 


The results of these various methods of calculating the in- 
tensity of the scattered X-rays can be grouped in the following 
manner: 


TABLE IX-5 
Method Ratio Iy/L¢ Ratio /ao 

(Neglecting a, a, . . .) | (Neglecting a’, a%,...) 

Glacsicalence arte keeat acer I I 

its, LDS nace ere oe eee (i + avers ¢) 7} I 

GUM sneer, ele, aero iene (a + avers ¢)~? (i +a)" 

Hp, (Cosy ou g a eon nO ene 

Zl, AIESVSNGE Nc ea Acie he cence (1 + @ vers ¢) ~* (approx.) (1 + 2a) 

fe, doieote” © gy Ug eee eee 


Correspondence limit........| (1 + avers ¢)~* (Giesa) s+ 


306 X-RAYS AND ELECTRONS 


138. Experimental Tests 


The most direct test of these various formulas for the in- 
tensity of the scattered X-rays is a comparison with experi- 
mental values of /,. Unfortunately it is very difficult to obtain 
experimental values of this quantity which are sufficiently 
reliable to be of value for such a test. In the early measure- 
ments of Barkla and Ayers,! as well as in the more recent ones of 
Hewlett,? comparatively long wave-length X-rays were used, so 
that departures from the predictions of the classical theory are 
necessarily small. In a series of experiments performed by the 
author ? X-rays of wave-length as short as .13A were used, for 
which the departure from the classical values of J, should have 
been very appreciable. These measurements are difficult to in- 
terpret, however, because of the change in wave-length at differ- 
ent angles. If only asmall fraction of the X-rays is absorbed in 
the ionization chamber, the ionization will be nearly propor- 
tional to the absorption coefficient and hence to A3, or according 
to equation (9.04) to (1 + avers ¢)%. But this is just the 
reciprocal (to the first order of a) of the reduction in intensity 
according to theories 3, 4 and 5. It is thus necessary to apply a 
correction to the measurements of about the same magnitude as 
the differences in which we are interested. At the present 
writing no experiments on the intensity of scattered X-rays 
have been published in which the effect of the change of wave- 
length has been allowed for with sufficient certainty to make a 
valuable comparison with the quantum theories. 

When hard y-rays are used the same difficulty remains, but 
is less prominent because in this region of the spectrum the 
ionization produced varies only slowly with the wave-length. 
Experiments by Florance,* Kohlrausch ® and others including 
the author ® have shown very prominently the rapid reduction 

1C. G. Barkla and T. Ayers, Phil. Mag. 21, 275 (1911). 
> C, W. Hewlett, Phys. Rev. 20, 688 (1922). 

3 A. H. Compton, Phil. Mag. 46, 897 (1923). 

4D. C. H. Florance, Phil. Mag. 20, 921 (1910). 


°K. W. F. Kohlrausch, Phys. Zeits. 21, 193 (1920). 
6 A. H. Compton, Phil. Mag. 41, 749 (1921). 
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in intensity of the scattered y-rays with increasing angles ¢ in 
accord with the quantum formulas given above. The quanti- 
tative agreement between the results of the different experi- 
menters is not very satisfactory. Perhaps, however, my own 
measurements are as reliable as any, since an ionization cham- 
ber was used that absorbed a large fraction of even the primary 
y-rays. The intensities thus measured at different angles are 
plotted as the dots in Fig. 120. 

In accord with the discussion given in Appendix V, we 
may assume the effective wave-length of these hard y-rays from 
radium C to be o.017A. Thus a = 1.42. Using this value, 
curves 0, I, 2, 3, and 4, represent the o, I, 2, 3 and 4th powers 
respectively of 1/(1 + «vers ¢), corresponding to the 5 groups 
of formulas listed in Table IX—5. The dotted line J represents 
Jauncey’s formula (9.40), and the broken line C the author’s 
formula (9.37). It will be seen that curves 3 and C represent 
the data in a satisfactory manner, that curves 2, 4 and 5 do not 
fit so well, and that curves o and 1 are wholly out of agreement 
with the observed intensities. 

The Scattering Absorption Coefficient affords a more reliable 
test of the various theories. Its experimental value is the differ- 
ence between the measured total absorption coefficient and the 
“true” photoelectric absorption 7. The total absorption co- 
efficient is determined by the relative intensities of two beams 
of the same wave-length, and is measurable with precision. In 
the case of a light element, for the short wave-lengths with 
which we are concerned, the photoelectric absorption is re- 
sponsible for only a small part of the total absorption. For 
carbon, Hewlett has shown (cf. p. 61, 5) that when \ = 
0.710A, « = oo, the value assigned by the classical theory. 
From the measured value of » for this wave-length, we thus 
obtain tr 749 = 719 — oo, and its value for other wave-lengths 
is given by Owen’s rule that 7 « \3. The scattering absorption 
coefficient for any wave-length 1s then given by « = wu — 7 (see 
Appendix VI). 

In Fig. 121 are plotted such values of the scattering absorp- 
tion coefficient in terms of the classical coefficient oo as unity. 
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The dots are taken from data by Hewlett,! the open circles 
from Allen,2 while + and X refer to measurements of the total 
absorption of hard y-rays by Ahmad # and by Owen, Fleming 
and Fage.t The solid lines 1, 2 and 3 are the graphs of 1/(i+e), 
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1C. W. Hewlett, Phys. Rev. 17, 284 (1921). 

2S. J. M. Allen, Phys. Rev. 24, 1 (1924). 

°N. Ahmad, Proc. Roy. Soc. 105, 507 (1924); 109, 206 (1925). The datum for 
carbon is that given in Table VI-3, using } = .017A as found in Appendix III. 

4 E. A. Owen, N. Fleming and W. E. Fage, Proc. Phys. Soc. 36, 355 (1924). 
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1/(1+2a), and 1/(1+3«), representing the different theories 
as Classified in table [X—s, page 305. Curve I is unquestionably 
too high, and curve 3 is too low, especially for the shorter wave- 
lengths at which the values of ¢/oo are determined most reliably. 
The solid curve 2 represents equation (9.38), and the broken 
curve Just above it is plotted from equation (9.42). Throughout 
the X-ray region these curves are so close together that they 
are almost indistinguishable on the scale of this figure, and 
they both fit the experiments within the probable experimental 
error. In the y-ray region these two curves are separated far- 
ther. This portion of the curves is plotted on a larger wave- 
length scale in the lower part of the figure, to show more clearly 
their comparison with Ahmad’s and Owen’s data. We see that 
equation (9.42) represents the data somewhat more precisely, 
though the experimental variations are of the same order of 
magnitude as the difference between the two curves. 

On the basis of the experimental evidence shown in Figs. 
g.15 and 9.16 we may accordingly select the two formulas 
(9.38) and (9.42) as representing most accurately the intensity 
of the scattered X-rays and the coefficient of absorption due to 
scattering. The experiments are not sufficiently accurate to 
distinguish between these two expressions, though they seem 
to favor the latter. From the theoretical side also the latter 
formula is preferable, because of the difficulty of reconciling 
equation (9.37) with the correspondence principle. 


139. True Scattering and True Absorption Associated with 
Scattering 


The intensity of the scattered X-rays and the absorption of 
X-rays due to scattering which we have been discussing do not 
afford very significant tests of the quantum hypothesis of the 
nature of the scattering process. This was to be expected, 
since in the first place the quantum theory in its present form 
does not assign a definite value to the intensity of the scattered 
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rays,! and in the second place, we have seen in Chapter IT that 
the departures of the observed intensities from the values pre- 
dicted by the usual electron theory can be accounted for almost 
within experimental error by assuming electrons of special form 
without introducing any quantum concepts. The fact that the 
experimental intensities fall within the limits assigned by the 
quantum theory is thus not crucial evidence in favor of this 
theory.” 

The quantum theory is however unique in that it predicts a 
type of ¢rue absorption associated with the scattering process. 
Energy spent in setting the recoil electrons in motion does not 
reappear as X-rays, and hence is truly absorbed; whereas on 
the classical theory, the only energy spent in the scattering 
process is that which reappears in the scattered beam. When 
the quantum theory of scattering was proposed, no such true 
absorption had been found associated with scattering in the 
case of X-rays. Ishino had, however, demonstrated the exist- 


1Tt is to be hoped that an application of Heisenberg and Born’s new quantum 
mechanics may afford a unique expression for the intensity of the scattered X-rays. 
Since this hope was expressed, P. A. M. Dirac has successfully attacked the problem of 
scattering of radiation by free electrons, using the new quantum dynamics (Proc. Roy. 
Soc., 1926). He obtains equations for the change of wave-length, etc., identical with 
expression (9.04). For the intensity he finds, apparently as a unique solution, pre- 
cisely the result suggested by Breit (equation 9.41) from considerations of the cor- 
respondence principle. As we note in the text above, this formula agrees very satis- 
factorily with the experimental results. 

Dirac calls attention to a possible crucial test between the type of theory on which 
his formula (9.41) is based and that leading to such equations as (9.37) and (9.40), 
since the former theory predicts complete polarization of the scattered rays at ¢ = 90°, 
whereas the latter theories predict complete polarization at an angle given approxi- 
mately by cos ¢ = a@/(1 +a). Dr. Bearden and Mr. Barrett, working in the author’s 
laboratory, have just completed measurements of the angle of maximum polarization. 
Using X-rays of effective wave-length less than .2A, which on the earlier forms of 
quantum theory should give a polarizing angle of about 83°, the experiments gave the 
maximum polarization at go° + 1°, in complete accord with the theories of Dirac and 
Breit. 


>On page 74, equation 3.12 we showed that diffraction considerations lead to 
: , ; , UE ee 
Ig/Ie = F (sin 3¢/d). Since a vers @ = 2asin24¢ = a (sin? 3$/A), the limiting 


quantum expression (9.26) gives Iy/I, = F’ (sin? 34/X). Experiments sufficiently 
precise to distinguish between these two functions would afford a more decisive test 
between the interference and the quantum theories of the X-ray intensities. 
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ence of true absorption in the case of y-rays,! and there was a 
strong tendency to associate this true absorption with the 
scattering.” The recent discovery of recoil electrons associated 
with the scattered rays requires the existence of such true 
absorption for both X-rays and y-rays. 

Fortunately the quantum theory predicts a rather definite 
value for this type of true absorption. If 27r?J/, sin ¢d¢ 1s the 
energy per second scattered between ¢ and ¢ + d¢, we have 
seen above (eq. (g-35)) that the energy removed from the 
primary beam to produce these scattered rays is 


V ° 
or 2m, sin ¢d¢. 


The difference between these two quantities, 


V 


é — 1) -2nr?I, sin od¢, 


is therefore the energy spent in setting in motion the recoil 
electrons associated with these scattered rays. The coefficient 
of true absorption due to scattering is thus, 


a= ih 6 — 1) -29r2l, sin od¢ 
NE 
= sara f I, vers $ sin ¢d¢. (9.45) 


Similarly the coefficient of true scattering may be defined as 


; = oar f I, sin ¢d9¢. (9.46) 


If we use the value of 7, given by equation (9.37), we 
obtain from (9.45), 


a 
SSL amar ea (Compton) (9.47) 


1M. Ishino, Phil. Mag. 33, 140 (1917). 

2 Cf. e.g., A. H. Compton, Bulletin Nat. Res. Coun. INom2oy pars (1922). lhe 
connection between the true absorption and the scattering of y-rays had been empha- 
sized earlier by Prof. Rutherford. 


BRI) X-RAYS AND ELECTRONS 


and from (9.46), 

pC ROLES Te ac sd . 
7° (ee? 
The corresponding expressions using the value of J, given by 
equation (9.42) are: 


Opa 


(Compton) (9.48) 


DR Ga he aot Se a)}> 
ie 05 | eee = vee +2 2 )| 
(Breit) (9.49) 
and 
RP OME Wing clei eee ah (Breit) (9. 50) 
Os oS tes 8 3 0 (1 te Qa)? 


The value of o« calculated from the various other quantum 
formulas for 7, is the same to the first order of a as equation 
(9.47), which makes possible a significant test of the quantum 
theory of scattering. 

An experimental test of equation (9.47) in the X-ray region 
has been made by Fricke and Glasser,! by a study of the ioniza- 
tion produced in small ionization chambers by the recoil elec- 
trons. They have determined the ratio of the photoelectric 
absorption + to the scattering true absorption oa for two differ- 
ent wave-lengths, and for various materials. The second 
column of Table IX-6 gives their results for carbon. The 
agreement with the values in the last column, which they 
calculate from equation (9.47) with the help of Hewlett’s and 
Allen’s absorption data, is rather satisfactory. 


TABLE IX-6 


Ratio oF PHOTOELECTRIC TO SCATTERING TRUE ABSORPTION BY CARBON 


(Fricke and Glasser) 


Nea T T | Hewlett Ga u, 
y 2 — Obs. =e == 9. ==" Cale: 
(Effective) Co, : p | Allen | p Farg47) i Cale 
0.180 .28 0065 .O170 . 38 
O.115 094. .00172 0202 085 


*H. Fricke and O. Glasser, Zeits. f. Phys. 29, 374 (1924). 
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In the case of hard y-rays, the photoelectric absorption, be- 
ing proportional to \3, is negligible compared with the scattering 
except for the heavy elements. The total scattering absorption 
¢ is measured directly, as described in Chapter VI; the co- 
efficient of true scattering o, is determined by measuring with 
an ionization chamber the fraction of the incident rays that 
reappear as scattered y-rays, and the coefficient of true absorp- 
tion oa is given by 

i SS ae Cer (9.53) 
According to any wave theory of scattering, ¢, = o, and oa = 0. 

Measurements of o, ¢, and oa, using the hard y-rays from RaC, 
have been made by Ishino,! and by Owen, Fleming and Fage.? 
The refinements in experimental technique introduced by the 
latter investigators make their results deserve greater weight 
than the earlier experiments of Ishino. The data for carbon 
are shown in Table IX~7. The agreement between the values 
of oac, shown in the last column, is of especial significance, since 
the theoretical value of o./c is almost independent of the form 


TABLE IX~7 


Mass ScatrerInG COEFFICIENTS OF ALUMINIUM FoR Harp y-Rays From RaC 


Aethorey Total Scattering True Scattering | True Absorption, Ca 
Absorption, o Os Oa 
Ishino* 066 045 .O21 Ge 
O. F. & F. .0559 0352 .0207 RTO 
Eqs. 9.38, 9.48 
and 9.47 .O500 0325 .0185 .370 
(X= <cr7) 
Eqs. 9.42, 9.50 
and 9.49 10545 0364 SON gt RRR 
(A = .o17) 


* Ishino’s values have been corrected for a slight error in calculation. 


1M. Ishino, Phil. Mag. 33, 140 (1917). 
2 E. A. Owen, N. Fleming and W. E. Fage, Proc. Phys. Soc. 36, 355 (1924). 
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of the quantum theory adopted, but differs widely from the 
value o predicted by any form of wave theory. 

Our investigation of the intensity of X-ray scattering from 
the standpoint of the hypothesis of radiation quanta therefore 
gives results which, as far as they go, are completely confirmed 
by experiment. It is true that in the present form of the quan- 
tum theory the intensity of the scattered X-rays is defined only 
by rather wide limits. But the experimental intensities are 
found to fall within these limits, and the quantum theory pre- 
dicts just the kind of departures from the classical theory that 
are observed. Where the theory does make quantitative pre- 
dictions differing from the predictions of the wave theory, as in 
the case of the true absorption associated with scattering, the 
predictions are completely confirmed by experiment. Thus re- 
garding intensities as well as regarding wave-lengths the quantum 
theory of scattering finds itself established on a firm experimental 
basis. 

Further experiments on the intensities of scattered X-rays 
of short wave-length are however much to be desired, in order 
to enable us to select the appropriate form of the correspondence 
principle to apply to the scattering problem. 


CHAPTER X 


Quantum THEORY oF X-Ray Dirrracrion 


140. The Quantum Conditions 


In Chapter I we introduced the assumption, made first by 
Bohr, that the angular momentum of a revolving electron is an 
integral multiple of 4/27, where / is Planck’s constant. This 
is an example of a more general statement of the quantum 
conditions,! that 


oh = nh. (10.01) 

qo 
Here g is the “ displacement ” along the coordinate used to 
define the motion, p is the momentum along this coordinate, 
and 7 is an integer. The limits of integration are so chosen that 
the condition of the system at gq; is indistinguishable regarding 
its g coordinate from its condition at go. Thus for a rotating 
system, g is the angle through which the system has turned, 
p is the angular momentum, and go and gi may be taken as 
oand 2m. If the angular momentum is a constant, we have, 


2Qr 2a 
df pdq =p | dq = xp, 


or by equation (10.01), 
p = nh/20, (10,02) 


which was Bohr’s assumption. 


1This statement of the quantum conditions is developed by Sommerfeld in his 
“ Atomic Structure and Spectral Lines” (English edition, p. 193). The rule as thus 
stated gives the correct results only when the proper coordinates (usually the most 
obvious ones) are chosen to describe the motion. An alternative statement of the 
standard quantum conditions which avoids the difficulty of selecting the proper coor- 
dinates has been proposed by Schwarzschild and developed by Bohr. The formula- 
tion of the quantum conditions is discussed thoroughly by J. H. VanVleck in his 
“Quantum Principles of Line Spectra,” Bulletin of the National Research Council, 
1926. 
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Imagine an infinite succession of points arranged along the 
X axis, spaced at equal distances D and moving with constant 
momentum p. Then in expression (10.01), 9 = x, and, since 
after moving through a distance D the position of the system 
is indistinguishable from its original position, we may take the 
limits of integration as o and D. Thus, 


M1 ua 
{ “pd = pf de = pD = mh, 
do ) 


whence the momentum is defined by 


p = nh/D. (ienea)) 


141. Bohr’s Frequency Condition 


Let us apply this result to an infinite train of plane waves 
of wave-length \, propagated with velocity ¢ along the X axis. 
Equation (10.03) then becomes at once, p = 7/4, or since the 
energy of the wave trainis VW = pe, 


W = nhe/r.= nhy. (10.04) 


Thus changes in the energy of the wave train must occur in 
integral multiples of A». If we suppose that for a simple sine 
wave, with no harmonics, 7 is always 1, we have at once for 
the energy of the wave train, 


W = hy, (10.05) 


which expresses Bohr’s frequency condition, and is the basis 
of Einstein’s photoelectric equation. In terms of momentum 
instead of energy, this is, as we have seen before, 


De iy x. (10.06) 


In view of the evidence, presented in the last chapter, that 
when a quantum of radiation is emitted it proceeds in a definite 
direction, it is unnecessary to consider any type of wave other 
than a long train of plane waves. For the only form of wave 
which transmits energy in a definite direction is a plane wave, 


DIFFRACTION BY A CRYSTAL 317 


and in order that the wave shall have a definite frequency it 
must occur in long trains. Thus a directed quantum of definite 
energy or momentum corresponds on the classical theory to a 
long train of plane waves, such as we have considered. There 
is apparently no way in which such a long wave train can give 
up a whole quantum of energy to an atom in a time interval 
short compared with the period of the wave, as has seemed 
necessary (Chapter VIII) in order to account for the unsym- 
metrical emission of photoelectrons, unless the energy and mo- 
mentum of the wave are localized in certain points of the wave 
train. Such a conception, however, departs radically from the 
characteristics of the classical electromagnetic waves. 


142. Diffraction by a Crystal} 


Consider now a crystal as in infinite succession of similar 
atomic layers, perpendicular to the Y axis, and spaced at 


a 


FIG, 122, 


distances a apart, as illustrated in Fig. 122. If this crystal 
moves along the Y axis, its position after moving a distance a 
is indistinguishable from its original position. For uniform 
linear motion along the Y axis, p is the constant momentum, 


1W. Duane, Proc. Nat. Acad. Sci. 9, 159 (1923). A. H. Compton, Ibid. 9, 359 
(1923). 
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and f dy = a, as we have just seen. As in equation (10.03), 
p is then defined by the relation 
p = nha. (iOxo7) 


Consider the motion of the crystal illustrated in Fig. 122 
when it is traversed by an X-ray quantum whose momentum 
is h/d. Let @ be the glancing angle of incidence and 6’ that of 
the diffracted beam. We shall first take the case in which the 
only impulse imparted to the crystal is along the Y axis. 
Then conservation of momentum along the X axis gives,! 


h h 
— cos 6 = — cos 6, 
r 


whence 
=e. 


The case 6’ = + 6 represents a ray traversing the crystal with- 
out deviation, so that no momentum is imparted to the crystal. 
The case 6’ = — @ is that pictured in Fig. 122. According to 
equation (10.07) the impulse given the crystal along the Y 
axis is + mh/a, and the expression for the conservation of 
momentum along this axis becomes 


sin 6 oe ee 
4 — pS —— 
_ r a. 


whence 


WX = Va sin’ 6) (10.08) 


which is Bragg’s law as stated in equation (1.03). 


143. Diffraction by an Infinite Simple Cubic Crystal? 


If a is the distance between the layers of atoms as measured 
along the X, Y or Z axes, we obtain, just as in deriving equation 


1 The wave-length of the quantum is unchanged, since the energy gained by so mas- 
sive a body as a crystal, due to the impulse imparted by the quantum, is negligible 
compared with the energy of the quantum. Thus, according to equation 9.04, the 
change of wave-length is inversely proportioned to the mass of the system which 
deflects the ray. 


* W. Duane, loc. cit., A. H. Compton, loc. cit., and P. Epstein and P. Ehrenfest, 
Proc. Natl. Acad. 10, 133 (1924). 
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(10.03), that the impulses imparted to the crystals along these 
axes will be respectively, 


Ap, = Mch/a, Ap, = n,h/a, Ap, = n/a. (10.09) 


Let a, B, y, be the direction cosines of the incident ray, and 
a’, B’, y’, those of the diffracted ray. The increase in the 
X component of the momentum of the quantum of radiation 


when diffracted is xe c This change in the momentum 


must be balanced by the change in the momentum of the 
Erystal,t1.e:, 
h 
aN 


h h 
a’ —~-a + -nz = O. 
aN a 
Thus for the three different axes we obtain 
IN ON r 
—oa =a, = 8 = 7 — —+7 =n-- (10,10 
a—a ae vane pee) , ( ) 


These expressions for the angles at which the ray of wave- 
length X may be diffracted by a crystal are exactly those 
obtained much less simply on the theory of interference. 

Equations (10,10) may be put in a more familiar form by 
noting that if 6 is half the angle between the incident and the 
diffracted ray, we have from trigonometry, 


sin @ = 4V(a — a’)? + (8 — BY)? + — 7’), 


whence by equation (10. 10), 


: aN ; : 
2sin@ = “V n,2 Se We Me 2 
a 


But the integers 7,, ”,, m, are components of a vector in the 
direction of the momentum imparted to the crystal, and hence 
of a vector normal to the atomic layers which “reflect” the 
ray. We have seen above (eq. (4.034)) that the Miller indices 
(h, k, 1) of these atomic layers are the smallest integers propor- 
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tional to the direction cosines of their normal. It follows that 
n n n F : 
—* — —Y — “* — y where n is some integer. Thus 
A k / 
asin 0 = Ne + k2 + /?, 
Now the distance between successive (A, k, /) planes is given by 


equation (4.06) as 
Di = aN Pe Rete 


We thus have for this more general case, 
(OH ORS ENG) 


which is again Braggs’ law. 


144. Other Diffraction Problems 


When a crystal grating of finite dimensions is considered, 
both the wave theory and the quantum theory may proceed by 
treating the crystal as a Fourier integral of infinite gratings. 
The diffraction by each grating may be determined by the 
method used above for the infinite cubic grating. In order, how- 
ever, to calculate on the quantum basis the relative intensity 
of the rays diffracted by the different component gratings, some 
additional assumption is necessary. This additional assump- 
tion is supplied by Bohr’s “ correspondence principle,” accord- 
ing to which the intensity predicted by the quantum theory 
should be an average of the intensities predicted by the classical 
theory for the initial and final states. In the present case, to 
avoid Doppler effects, we choose the initial state as the diffrac- 
tion by the crystal at rest, and the final state is then the dif- 
fraction by the crystal moving with the momentum 7//D. 
This means a velocity so slow that the intensity is practically 
the same as that for a crystal at rest. According to the cor- 
respondence principle, therefore, the intensities of the diffracted 
rays should be those calculated from the classical theory. 

When considering the intensity of crystal diffraction from 
the classical standpoint, we found it proportional to the 
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square of the structure factor F (see eq. 5-16). But for any 
given order of diffraction 7, Fn was found to be (eq. 5-42) 
proportional to the amplitude of the th harmonic of the 
Fourier series (eq. 5-41) that represents the density of the 
crystal. It follows, on the quantum theory, that the proba- 
bility that a quantum shall be diffracted in the mth order (i.e., 
impart momentum 7h/D to the crystal) is proportional to the 
square of the amplitude of the th term of the series expressing 
the crystal density. On this basis Breit! and Epstein and 
Ehrenfest ? have shown that the predictions of the present form 
of quantum theory of crystal diffraction are identical with those 
of the wave theory.? In fact, the latter authors show that with 
the help of this consequence of the correspondence principle a// 
problems of Fraunhofer diffraction may be solved according to the 
present form of quantum theory. 


145. What is the “Frequency” of a Quantum? 


In accounting for photoelectrons, recoil electrons, the dif- 
fraction of X-rays by crystals, etc., the only properties that 
we have assigned to the radiation quantum are energy, mo- 
mentum and a characteristic direction or axis along which it 
may act on an electron. Nothing has been said about its fre- 
quency, except that its energy and momentum are stated in 
terms of the frequency of the corresponding wave. It is, how- 
ever, open to question whether there is anything that can 
properly be called a wave when we consider radiation so feeble 
that quanta are emitted only at infrequent intervals. 

The use of the terminology of the wave theory is not at all 
necessary in discussing spectroscopic phenomena. When a hy- 
drogen atom radiates an Ha line, we say with Bohr in terms of 
waves that the atom has changed from the stationary state for 
which 2 = 3 to that for which 7 = 2, and that the energy re- 

1P, Breit, Proc. Nat. Acad. 9, 238 (1923). 
2 P. Epstein and P. Ehrenfest, Proc. Nat. Acad. 10, 133 (1924). 
3It was by this method also that Duane, following the results of Epstein and 


Ehrenfest, originally derived equation 5.48, which we have obtained from classical 
calculations. 
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leased is radiated in waves of frequency » = W/h. This fre- 
quency we may determine by measuring the angle at which the 
ray is diffracted by a transmission grating of known grating 
space, calculating from the simple formula, 


vy = ne/D sin 6, 


which follows from the fact that the wave-length is \ = c/», 
and the result of interference principles that 


my = D sin 0. 


The event may however be described equally well in the 
language of the quantum theory. When the hydrogen atom 
changes from state 3 to state 2, the difference in energy W is 
radiated as a single quantum. This exergy we may determine 
by measuring the angle at which the ray is diffracted by a 
transmission grating of known grating space, calculating from 
the simple formula, 


W = nhe, D sine, 


which follows from the fact that the momentum of the quantum 
is p = W/c, and the result of the quantum postulate and the 
conservation of momentum that, 


p sin 6 = nh/D. 


This example illustrates the fact that for spectroscopic work 
the term “frequency ” is merely a convenient abbreviation for 
the ratio W/h, and that nothing essential is missed if we omit 
the term. Such a point of view avoids the very serious diffi- 
culty, inherent in the wave theory, of explaining how a wave 
of definite frequency » is radiated when there is no oscillator of 
this frequency within the atom. It is the radiated energy which 
is of importance; there is no evidence that frequency in the 
strict sense is a property of individual radiation quanta. 

There is nothing incompatible between this conclusion and 
the suggestion that intense radiation of quanta of small energy 
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may assume a wave form. It is reasonable to think of such 
radiation as consisting of successive sheets of quanta. A simple 
calculation shows that even a comparatively feeble electric 
wave of the type used in wireless communication would have 
a large number of energy quanta per cubic centimeter. We are 
thus led to suggest that intense radiation consists of waves 
composed of successive layers of corpuscular quanta, whereas 
feeble radiation consists of isolated quanta so far apart that no 
wave structure is apparent. 


CHAPTER XI 
X-RAY SPECTRA 


146. X-ray Spectra as a Test of Bohr’s Theory 


It was fortunate for the progress of Physics that when Bohr 
proposed his theory of atomic structure a method had been 
developed for the study for X-ray spectra. The remarkable 
agreement of Moseley’s original X-ray spectra with the predic- 
tions of Bohr’s theory was probably largely responsible for the 
almost universal favor with which that theory was received. 
We have seen in the introductory chapter of this book how 
Moseley’s spectra, when interpreted in the light of Bohr’s 
theory, showed that as one goes from one atom to the next in 
the order of atomic weights the charge on the nucleus increases 
by one electronic unit. Probably the most essential part of 
Bohr’s theory is, however, the introduction of the concept of 
stationary states, and the hypothesis that each spectrum line 
is due to the quantum of energy radiated when the atom 
changes from one stationary state to another of lower energy. 
Similarly when the atom absorbs energy it takes up Just enough 
to raise it to a new stationary state with higher energy. 
Through whatever vicissitudes Bohr’s theory may pass, it 
seems that this conception of stationary states must persist. 
When studying X-ray spectra we are able in many cases to 
measure directly the energy of these stationary states, and 
hence to compare the energy of the emitted quanta with the 
energy differences between these states. The success of this 
test justifies confidence in Bohr’s view of the origin of the 
spectral lines. 


324 


THE GRATING 325 


MEASUREMENTS OF X-RAY WAVE-LENGTH 

147. The Grating 

In order to serve as an adequate test of spectral theories, it 
is often important that the wave-length of a spectral line be 
measured with great precision. We have seen that the wave- 
length may be measured either by reflection from a crystal, or 
by reflection from a grating ruled on a polished surface of glass 
or metal. At the present writing, the measurements that have 
been made of X-ray wave-lengths with a ruled grating are not 
as precise as the crystal determinations. They serve only to 
show that the crystal measurements are reliable to within about 
a per cent. This is however important in that it establishes the 
correctness of the crystal lattice on which is based our calcula- 
tion of its grating space. 

The wave-length of the X-rays is usually calculated trom 
the crystal measurements by use of Bragg’s equation, 


x — NDS GR (11.01) 


where 7 is the order of reflection, D is the distance between suc- 
cessive layers of atoms, and @ is the complement of the angle of 
incidence. As we noticed in Chapter VII, a more precise expres- 
sion for the wave-length is 


; 6 
ny = 2D sin 6(1 — —— Lio? 
( aay ( ) 


where 6 = I — uy, and pis the index of refraction of the X-rays 
in the crystal. When the X-rays used are of considerably 
higher frequency than the K absorption frequency of the 
heaviest atom in the crystal we may write equation (11.02) in 
the simple form (cf. eq. 7.20), 


in = 21)" sin 6, (11763) 
where D’ has the value 
b 
D’' = D(: — a (11.04) 
and 4 is approximately a constant, with the value 
see 1)? 
ee mc” cares) 


s being the number of electrons per unit volume. 
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Using the present spectroscopic technique, it is possible to 
measure @ and 6 with accuracy that by far the greater part of 
the error in determining the absolute wave-length of a beam of 
X-rays is due to the uncertainty of D. 

From very fundamental considerations of crystal structure 
it can be shown that the grating space of a rhombohedral 


crystal is given by 
M ov 
D= mane, ; 11.06 
Not) rey 


where 7 is the number of molecules in each elementary rhom- 
bohedron, M is the molecular weight, p the density, N the 
number of molecules per gram molecule, and $(8) is the volume 
of a rhombohedron the distance between whose opposite faces 
is unity and the angle between whose edges, 8, is that between 
the axes of the crystal. It can be shown that 


(In=c0s)8)" 
(1 + 2 cos @) sin B 


$(8) = (11.07) 

The values of the grating spaces of calcite and rock-salt, the 
two crystals most commonly used for absolute wave-length 
determinations, can be calculated from equation (11.06), 
using the following values of the constants: 


For calcite, For rock-salt, 
n=i 1 n=} 
M = 100.70 + .02? M = 58.455 - .02? 
p = 2.7102 + .0004 at 20° 3 p = 2.1632 + .c004 at 20°C. 3 
N = (6.061 + .006) X 10234 N = (6.061 + .006) X 1078 4 
B = 101° 55/.1 + 275 B = g0° 
$(B}-= 1.09630 + .00007 § ¢(8) = 1. 


We thus obtain, 


D(caco3) = (3.0288 4- .oolo) X 10° 8 cm. at 20° C, 
D acy = (2.8144 + .0009) X 1078 cm. at 20°C, 


1 W. H. Bragg and W. L. Bragg, “ X-Rays and Crystal Structure ” (1915). 

* International Critical ‘Tables, v. 1, p. 43 (1926). The estimates of the accuracy 
are based chiefly upon the data collected by F. W. Clarke, ‘A Recalculation of Atomic 
Weights ” (1920). 

*O. K. DeFoe and A. H. Compton, Phys. Rev. 25, 618 (1925). 

* International Critical Tables, v. I, p. 18 (1926). 

°H.N. Beets, Phys. Rev. 25, 621 (1925). 
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The thermal expansion coefficient of these crystals, though 
not large, are sufficient to make corrections necessary for precise 
measurements. Perpendicular to the cleavage faces this co- 
efficient is for calcite ! o.ccootoe4 and for rock-salt 2 0.0000404 
per degree centigrade. If we use the value 3.02880 as the 
value of the grating space of calcite, and 2.81440 as that of rock- 
salt at 20° C., their values at other temperatures are given in 
the following table. 


TABLED Xi=1 


Gratinc Space oF CALciIrE AND Rock-sALT AT DIFFERENT TEMPERATURES 


E 
if D(CaCOs) D(NaCl) 
Tiger. 3.028644 2.813834 
16 868 395 
17 871 406 
18 874 417 
19 877 429 
20 (3.02880) (2.81440) 
21 883 451 
22 886 463 
23 889 474 
24 893 485 
25 3.02896 2.81497 


Siegbahn has made a precise comparison of the grating 
spaces of these two crystals by comparing the angles at which 
they reflect certain spectrum lines.’ He finds for the value of 
D(CaCOQ3)/D(NaCl) at 18° C., 1.076417. This comes almost 
within the probable error of the ratio of the two calculated 
values, taken from Table XI-1, 1.0762 + .0002. 

For measurements of X-rays of wave-lengths greater than 
3A, crystals of larger grating space are usually used. Some of 
the more common ones are: 


1 M. Siegbahn, “ Spektroskopie der Roentgenstrahlen,” p. 86 (1924). 
2 Fizeau. Cf. Landolt, Bornstein, Roth, “ Tabellen,” p. 336 (1912). 
3M. Siegbahn, Phil. Mag. 37, 601 (1919). 
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TABLE XI-2 
Crystal Grating Space Authority 
Gy psiinkeeeenee 7.578A Hjalmar 
SUEZIRS o god ogune 10.57 Stenstrom 
(GeAlono naar Lm 28 Pauling and Bjorksen 
Palmitic Acid.... 35.595 Thoraeus and Siegbahn 


148. Typical X-ray Spectra 


In an earlier chapter we have described briefly the construc- 
tion of the X-ray spectrometer, and have given examples of the 
ionization and the photographic spectra obtained. For pre- 


K lines 
ooo“ 


Central Spot 


Ag Band 


Br Band 


L lines 


FIG. 123. 


cision wave-length measurements either the ionization or the 
photographic method may be used, though the photographic 
method is better adapted for use with the greater wave-lengths. 
An excellent description of various forms of precision spectrom- 
eters and of X-ray tubes designed especially for spectroscopic 
work may be found in Siegbahn’s “ The Spectroscopy of X- 
Rays.” As typical spectra, we may show de Broglie’s beautiful 
photograph ! of the complete spectrum of the K and L series of 
tungsten (Fig. 123), and the author’s ionization spectrum of 
tungsten, showing two orders of the L series.2 


1M. de Broglie, J. de Phys., 1916. 
2 A. H. Compton, Phys. Rev. 7, 646 (1916). 
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Siegbahn gives the following interesting summary of deter- 
minations of the wave-length of the Ki line of copper, to illus- 
trate the increase in precision of measurements of X-ray 
spectra: 


TABLE XI-3 
IMoseleya (gl) even a 1.549 A .O12 
Siegbahn-Stenstrom (1916)..... 1.539 002 
Stegbahmi(@igt®) rere ase: I. $3736 .OOOI 
Stepibalnn iG22)) pe ecsmet cere: TSR RO 00004 
Sieg bali (Go24)) eine sat: iRaseypPly || aaeaee 


From this table we see that the probable error inthe measure- 
ment of X-ray wave-lengths can be reduced to about 1 part in 


2 h 
2 ty Apeigery k 4 
é 22 Got, J2 Me Sou a; 


Ss es wl ee ee BEE ee ee ee Sey Se ee : 
Ge (Oke Ge ODS. aye CaSO YO SYS OTE S ORES LNB CO 2. 


Fic. 124. 


a hundred thousand. This is however only the “ relative ” 
error. A much larger probable error is present in the absolute 
value of the wave-length because of the uncertainty of the 
crystalline grating space. Siegbahn and his coworkers have 
assumed as a standard, 2,81400A for the grating space of rock- 
salt, from which, by spectrometric comparison, he has obtained 
3.02904A (at 18°) for the grating space of calcite. Many other 
investigators, including Duane, use as the standard 3.02800A 
for the grating space of calcite. 

Tables of the wave-lengths of the various emission lines that 
have been measured are given in Appendix IV. 
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149. Classification of X-ray Spectra 


Perhaps the two most prominent properties of the X-ray 
spectra are the fact that for any one element the lines group 
themselves into distinct series, such as the K and ZL series 
shown so well in de Broglie’s photograph of Fig. 123, and the 
regular decrease in wave-length of each spectrum line as one 
proceeds to elements of higher atomic number, as expressed by 
Moseley’s law. Fig. 125, drawn using the data shown in Table 
VI-7, exhibits both of these properties. Here has been plotted 


v/R against Z, where »v is the frequency c/d of the various 
critical absorption limits, R is the Rydberg constant, 3.2775 X 
1o!5 sec.-1, and Z is the atomic number. The different absorp- 
tion limits mark the positions of the various series, while the 
fact that the lines joining the experimental wave-lengths are 
almost straight is in accord with Moseley’s law, 


= K(Z — k) (11.08) 
(see-cd. 102): 

According to Bohr’s theory, as described in Chapters I and 
X, a quantum of X-rays is emitted when an atom changes from 
one stationary state to another with less energy. Rather direct 
evidence that within the atom exist electrons with various 
definite amounts of energy is afforded by the fact that photo- 
electrons ejected by homogeneous X-rays occur in definite 
velocity groups, differing from each other according as the work 
differs in removing the electrons from different parts of the 
atom. We have seen that the energies of the various levels 
estimated from the velocities of the photoelectrons agree with 
the energies calculated from the critical absorption wave-lengths. 
It is thus natural to assume that the energy levels between 
which an electron moves when a quantum of X-rays is emitted 
also have the values corresponding to the critical absorption 
wave-lengths. 

As a test of this suggestion, we may consider the Ka lines of 
tungsten. These lines we suppose are due to atoms whose elec- 
trons fall into the K energy level from the next higher, or L 
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energy levels. If \x is the wave-length of the critical K absorp- 
tion, Ax that of the critical Ly, absorption, etc., the corre- 
sponding energies of the levels are h X ¢/Nx, he/drm, etc. Thus 
the wave-length of the resulting Kay line is given by 


he I I 
~ <4 = ne{ - =}, 
Koy Nie XK 
the minus sign occurring because the energies of the orbits are 


negative, or 


se ee (11.09) 


In terms of the wave-number, or reciprocal of the wave-length, 
this result becomes merely, 


ir me VS Ty bi (11 .10) 


Using the wave-lengths determined by Duane and his collabora- 
tors,! we find the following results. 


TABLE XI-4 


CALCULATED AND OBSERVED WAVE-LENGTHS OF THE TUNGSTEN K LINES 


K absorption L absorption K calculated K observed 
.17806A Ti te2 036A a .20867A .20860A 

Il, Mt eypXeya\ 4.21350 21341 

I, fiepya 43.2155 Diks 


It will be seen that within the probable accuracy of the experi- 
ments the experimental values of the wave-lengths agree with 
those calculated from the observed energy levels. 


150. Energy Level Diagrams 


In a similar way, it is found that the wave-numbers of the 
other lines of the K series, and those of the ZL and M series of 
tungsten as well, can be calculated from relation (11.10) as the 


+ W. Duane, Bulletin Nat. Res. Council No. 1, November, 1920. 
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difference between the wave-numbers of two energy levels. 
This is illustrated graphically by the energy level diagram for 
the element uranium, shown in Fig. 126. The line drawn from 
Nyx to Ly, represents for example the passage of an electron 
foe the Ny: to the Zi; energy level, and giving rise to the Ly 
ine. 

It is found that nearly all of the observed X-ray spectrum 
lines can be described as due to transfers between 1K energy 
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level, 3Z levels, 5M levels, 7N levels, 50 levels and 1P level.! 


For the lighter elements the number of outer levels 1s reduced. 


151. The Selection Rule 


We do not, however, find spectrum lines whose wave-num- 
bers correspond to all possible transfers. Thus, for example, 
we find Ka and Kaz lines, resulting from transfers from the 
Ly and the Ly levels respectively to the K level; but except 


1 The few faint lines which are not thus described are explicable as due either to 
electrons which start from levels in which electrons are not found in the normal atom, 
or to changes of the energy of the levels due to multiple ionization of the atom. 
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under unusual conditions no Kaz line, corresponding to a trans- 
fer from the L, to the K level, is observed. It is found possible 
to state a rule in terms of three numbers according to which 
transfers occur. These three numbers are frequently called the 
principle quantum number n, the auxiliary quantum number k, 
and the inner quantum number j. For the K levels n = 1, for 
the L levels 7 = 2, etc. The auxiliary number k may have any 
integral value between 1 and ”. The inner quantum number j 
may be equal either to & or to k-1. Each level thus has its own 
characteristic value of 7, k and 7. The selection rule may then 
be stated as follows: » changes from a larger to a smaller 
number, k changes by + 1, and j changes by + I or o when- 
ever an electron is transferred from one energy level to another. 
The lines drawn in Fig. 126 are based on this rule, those 
transfers marked by letters indicating observed lines. Occa- 
sionally, however, faint lines are observed, such as the tungsten 
Kaz line, which are not permitted by this selection rule. 


1§2. Regular and Irregular Doublets 


From the form of the energy level diagram it is evident that 
many of the spectrum will occur as doublets. Thus correspond- 
ing to the energy difference between the Ly and the Ly, levels 
we have the following doublets, all of which are separated by 
the same difference in energy, and hence the same difference 
in wave-number: Kai—Kaz; Ly—-Ly, LB\-Lav, Lys—LB2, Lys—L 7. 
The observed values of the differences of these wave- 
numbers are found to be identical within experimental 
error. Doublets of this type are due to the difference in energy 
between two levels having the same principle quantum number 
and the same auxiliary quantum number, but differing in the 
inner quantum number by 1. They are sometimes described 
as “ regular” doublets, in view of the fact that the wave-length 
difference between the two lines in such doublets is very nearly 
the same for all elements. 

There is another type of doublet corresponding to the differ- 
ence in energy between two levels which differ only in their 
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auxiliary quantum number. The Ly and L, absorption limits 
represent such a doublet. Because of the fact that these 
doublets differ in wave-length as one goes from one element to 
another, they have been called “irregular” doublets. It was 
noticed by Hertz, however, that for these doublets the differ- 
ence between the square roots of the wave-numbers of the two 
lines is nearly the same for all elements. Their appellation 


CK aoe 


irregular ”’ is thus rather a misnomer. 


153. Interpretation of the X-ray Spectra 


We noticed in the first chapter that many of the major 
characteristics of the X-ray spectra, as observed by Moseley, 
follow at once from a simple form of Bohr’s theory of atomic 
structure. Thus not only did we derive Moseley’s law (p. 25), 
but we calculated also the absolute value of the wave-length 
to a close approximation. Bohr’s interpretation of the regular 
increase in frequency of the spectrum lines observed by Moseley 
is that the electric charge of the nuclear increases by one elec- 
tronic unit as we pass from one element to that next higher in 
the scale of atomic numbers. As we have seen in earlier chap- 
ters, this postulate of Bohr’s theory is amply supported by 
independent evidence. 

The assumption of electronic orbits, though it thus made 
possible the calculation of energy levels agreeing approximately 
with those that are found, has, however, met various viscissi- 
tudes. It will nevertheless be of value to review briefly some 
of the attempts that have been made to account for the details 
of the spectra in terms of the properties of the electronic 
orbits. 


154. Sommerfeld’s Theory of the Origin of the Doublets * 


Sommerfeld introduced the suggestion that the electronic 
motions, instead of being circular, might have radial as well as 
angular momentum. In accord with the general quantum rules 


1 A. Sommerfeld, Atombau u. Spektrallinien (1924). 
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discussed in the last chapter, and using Newtonian dynamics, 
he showed that the energy of the orbital motion depends only 
upon the sum of the number of quanta of angular momentum 
and of radial momentum. This sum he identifies with the 
principal quantum number. Since the law of force which 
governs the electron’s motion is the inverse square law, the 
orbit is an ellipse. The ratio of the minor to the major axis of 
the ellipse is calculated to be equal to the ratio of the angular 
to the total quantum number. This accounts for the existence 


of K, LZ, M and N orbits of the following forms: (Fig. 127) 
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On this basis, one identifies the “inner” quantum number of 
energy level with the angular or azimuthal quantum number of 
the corresponding orbit. 

When calculated according to Newtonian mechanics, Som- 
merfeld finds for the total energy of an electron revolving about 
a nucleus in an ellipse, neglecting the screening effect due to 
other electrons, 

OY abi) 7 
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where R is Rydberg’s constant. This is the same as that found 
in equation (1.09) for circular orbits, and depends only on the 
total quantum number. When the dynamics of the special 
relativity theory are employed, however, Sommerfeld finds for 


the energy 
2 4 " 
W = Rails + ae (11.12) 
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neglecting higher powers of a, where a is a small constant 
having the value 
2Ke? 


he 


a= oe TO’: CUES) 
The term in a? occurs because of the relativity increase in mass 
due to the high velocity of the electron. 

For circular orbits 2 = 7, and the second term within the 


4 
brackets becomes eae S Neglecting higher powers of a than 
4 


the second, this makes VV a parabolic function of Z?, instead of 
a linear function as in Moseley’s equation (11.08). It is this 
term which is used to account for the fact that the line in 
Fig. 126 which connects the points representing the K absorp- 
tion frequencies is not straight but is slightly curved. This 
prediction of the relativity theory is subject to a quantitative 
test. In accord with equation (11.12) we may write for the 
energy of the K level of an atom the expression, 
Ae ae 
W = ri[S ae = < (11.14) 


Nk 4 Nk 


where we have written Z-s instead of Z, s being the screening 
constant (cf. p. 340). In the case of calcium, Fricke has found 
Ax = 3.0633A. Using the experimental values, KR = 3.2775 X 
to! sec 1, Z = 20, 7%, = 1 for the K series and «= 7.29 X 
10-8, we can solve this expression for s, obtaining s = 2.76. 
For an element of so low an atomic number, the value of the 
screening constant thus calculated depends only slightly on 
the value assigned to a. We may now calculate a for an ele- 
ment of high atomic number, such as uranium, assuming that 
this element has the same value of the screening constant as 
does calcium. Thus, using in the above expression s = 2.76, 
and Duane’s value Ax = .1075A for uranium, we obtain 
a = 5.9 X 10%, which is to be compared with the theoretical 
VAMOS SX LOG, 

This agreement as to order of magnitude must be considered 
a strong confirmation of Sommerfeld’s theory of the relativity 
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change of mass of the electron in its orbit. That the agreement 
is not exact is not surprising, in view of the fact tat we have 
neglected terms in a of higher power than 2, and also since the 
electrons in the outer shells of uranium probably affect to some 
extent the value of the screening constant. 

The second term of expression (11.12) takes different values 
for different values of 7/7. Thus for each value of the principal 
quantum number 7 there are x slightly different values of the 
energy of the orbits corresponding to the 7 different values that 
j may have. Keeping the value of 7 constant it will be seen 
from equation (11.12) that the energy difference between two 
orbits of angular quantum numbers /; and /2 is, 


= 4 

AW = Rie (= = al (11.15) 
n ji J2 

if the screening constant has the same value s in both cases. 

This means a change of frequency 


Av = AW = Roa (2 = ah (11.16) 
h n° in ye 

If we solve equation (11.16) for the screening constant s, it 

is found that the experimental value of Ap for the Ly,-Ly 
doublet, is obtained if s has a value of about 3.5. In fact 
Sommerfeld has shown that, if the expression corresponding 
to (11.16) but retaining the higher powers of a is used, the 
appropriate value of s lies between 3.42 and 3.56 for all the 
elements for which the doublet has been precisely measured. 
The fact that the screening constant is thus the same for all 
elements seems at first sight a strong confirmation of the theory. 


; W 
If, however, one uses the value of s required to calculate »y = . 


for the Ly, orbit according to equation (11.14), we have for 
the value of s approximately 18, which leads to a value of Av 
in equation (11.16) about 4 that found by experiment. It 
might be supposed that the value of s appropriate for equation 
(11.16) should be smaller than that required in equation 
(11.14), since the former equation depends chiefly upon the 
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electron’s motion near the perihelion where its velocity is 
greatest and where the screening effect due to other electrons 
is least. But this would be difficult to reconcile with the 
assumption underlying equation (11.15), that the screening 
constant has the same value for an elliptic orbit with j = 1 as it 
has for a circular orbit with 7 = 2. We are thus unjustified in 
interpreting the constancy of s in equation (11.16) as a quan- 
titative support of Sommerfeld’s conception of quantized 
elliptic orbits. 

It is nevertheless apparent that the order of magnitude of 
the frequency difference predicted by this theory is in agree- 
ment with that of the observed regular doublets. If the screen- 
ing constant is neglected altogether, we have from (11.16), 
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neglecting higher powers of a. Thus to a first approximation 
the wave-length difference of the “ relativity ” doublet 1s in- 
dependent of the atomic number, which is the distinguishing 
feature of the “ regular” doublet. At least the major charac- 
teristics of this doublet are thus adequately accounted for by 
Sommerfeld’s theory. 

If in (11.17) we substitute 
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where 
y = h/me = .02434. 
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This is the same quantity y which entered so prominently in our 
discussion of the charge of wave-length of scattered X-rays. 
It is interesting to note that the wave-length separation of the 
limiting doublet of the Balmer series of hydrogen 1s 


Ady = 2y = .048524, (Tiare) 


which is precisely the maximum wave-length shift that can 
occur due to scattering. 

Several alternative suggestions have recently been made re- 
garding the origin of the regular doublet. One of these interprets 
it as due to the difference in energy of the orbit at different 
orientations relative to the magnetic axis of the remainder of 
the atom. Another ascribes the doublet to a magnetic field 
arising from a rotation of the electron itself. Both hypotheses 
may be shown to lead to expressions for the magnitude of the 
doublet of the same type as that given by Sommerfeld’s rela- 
tivity elliptic orbit theory. 

The Irregular Doublet. To account for the regular doublets, 
we imagined that the screening constant of two orbits was the 
same, but that only the angular quantum number was altered. 
Let us now suppose that the angular momentum remains 
constant, but that the screening constant s differs for the two 
orbits. If we neglect the small terms in a, the frequency 
associated with an orbit of energy W 1s, according to equation 
(Carn). 

aCe. 
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or 
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If for two orbits otherwise alike s has different values, we thus 
have 


aye = (52 — 51). (11.20) 


This corresponds exactly to the “‘ irregular ” doublets, as indeed 
Hertz noticed in his original investigation of these doublets. 
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For this reason the irregular doublets are frequently called 
“screening ”’ doublets. 
The Zy-L, doublet is one of this type. Thus for three 


typical elements we have the following values, 


TABLE XI-s5 
Element a ae $2 — 51 
La + Ls L3 — Ly 
$1 Sb .19834 66 ge 
74 W .0486 68 1.36 
go Th 0242 76 1G 


Though A) varies widely, AV y/R is almost constant. The in- 
crease in 52 — 5; for the heavy elements is due at least in part 
to our neglect of the terms in a?. 

If the doublet ZZ, is a screening doublet, we must 
assume that the ellipticity is the same for both orbits. The 
suggestion has been made that the difference sz — 5; in the 
screening constant may be due to a difference in the orientation 
of the plane of the two orbits, which might well give rise to 
slightly different forces on the electrons. Experimentally it 1s 
found that there are only 27 — 1 levels of principle quantum 
number 7. It would thus appear that the circular orbit assumes 
only one value of the screening constant, whereas each elliptic 
orbit may have 2. Thus we account for, or rather describe, 
the fact that there are 1 K orbit, 3 Z orbits, 5 M orbits, etc. 


155. Difficulties with Sommerfeld’s Theory 


In spite of these successes of Sommerfeld’s explanation of 
the origin of the regular and irregular doublets, there seem to 
be insuperable objections to accepting this interpretation. Of 
these difficulties we may mention the following: 

1. It is very difficult to explain why an elliptic orbit in an 
atom containing many electrons should differ from a circular or- 
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bit of the same principle quantum number only by the relativity 
correction. For the forces on an electron in the two orbits, due 
to the neighboring electrons, will differ, and this must give rise 
to different screening constants. It would thus seem impossible 
to vary the azimuthal quantum number without altering the 
screening constant, as Sommerfeld assumes to explain the 
regular doublets. 

2. The selection rules governing the transfers from one level 
to another do not agree with those found to hold for optical 
spectra, if we take Sommerfeld’s interpretation of the sig- 
nificance of the quantum numbers & and 7. Thus in optical 
spectra (both band and line spectra) there is very good evidence 
that transfers occur only when the azimuthal quantum number 
changes by + 1. This corresponds precisely with the transfers 
shown in Fig. 126 if & is identified with the azimuthal quantum 
number. In order to account for the regular doublets as rela- 
tivity doublets, however, it is necessary to suppose that 7 in- 
stead of k represents the azimuthal quantum number. 

3. Recent experiments by Millikan and Bowen ! have dem- 
onstrated the fact that the regular doublets of X-ray spectra 
have the same origin as certain types of optical doublets (such 
as the D lines of sodium), which are ordinarily attributed to 
differences in the inner rather than the azimuthal quantum 
number. Thus, for example, the 2p: and the 22 levels, from 
which the electrons start that give rise to the sodium D lines, 
are supposed to have the same azimuthal quantum number, 
K = 2. This is in accord with the general evidence that the 
azimuthal qaantum number is 


k = 1 for sharp series terms 

k = 2 for principal series terms 

k = 3 for diffuse series terms 

k = 4 for Bergmann series terms. 


Thus, unless there is some fundamental error in the assign- 


1R. A. Millikan and I. S. Bowen, Phys. Rev. 23, 15 244, pp. I, 209; 223 (1924); 
25, PP- 295, 591; 26, pp. 150, 310 (1925); 27, 144 (1926). 
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ment of the quantum numbers to optical spectra, we must con- 
clude that there is no physical significance in the numerical 
agreement with experiment of Sommerfeld’s relativity doublets. 

This does not mean that the relativity effect is absent. Its 
presence we have seen is confirmed by the curvature of the line 
connecting the K series limits in the Moseley diagram. But in 
the doublets the effect of such relativity differences must be 
masked by the effects of interactions between the different 
electrons in the atoms. We can only conclude that no adequate 
explanation of the origin of the X-ray doublets has as yet been 
presented. 


156. Electron Distributions Determined by X-ray Spectra 


We have seen that the number of electrons in an atom is 
equal to the atomic number. This means that the numbers of 
electrons in the noble gases, helium, neon, argon, krypton, 
xenon and radon are respectively, 2,2 + 8,2 + 8+ 8,2+ 8 
“- '6 410,24 8-4 18 + 18 +8 and 2 + 8 4 18 + 32+ 18 
+ 8. From a consideration of the periodic table it has long 
been recognized that a group of 8 electrons at the surface of an 
atom must correspond to a very stable or inert atom. From 
our study of X-ray absorption, also, we have found support for 
the assignment of 2 electrons to the K shell and 8 electrons to 
the Z shell. It is thus natural to suppose that these numbers 
represent the number of electrons in the different shells in the 
atom. For radon, as an example, this would mean there are 
2K electrons, 8 Z electrons, 18 M electrons, 32 N electrons, 
18 O electrons and 8 P electrons. A discussion of the evidence 
for such a grouping has been presented by Bohr and Coster.! 

Stoner ? has called attention to the fact that the number of 
electrons in each of the completed electron shells as thus 
assigned is just twice the sum of the inner quantum numbers 7 


1N. Bohr and D. Coster, Zeits. f. Physik, 12, 342 (1922); N. Bohr, “The Theory 
of Spectra and Atomic Constitution”? (Cambridge, 1922); also, Supplement to 
Nature, July 7, 1923. 

2 FE. C. Stoner, Phil. Mag. 48, 719 (1924). 
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for this shell. Thus for the completed M shell we have the 
quantum numbers, 


TE ae Sore 5 Sa ae 
i, align oes 
di t+1+2+24+3=9 X2= 18 = 22), 
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which is the number 18 suggested for the electrons in the M@ 
shell. 

Evidence from a study of the multiplicity of the lines ob- 
served in the Zeeman effect with optical spectra indicates, how- 
ever, that in a weak magnetic field the number of possible states 
of the atom is equal to twice this inner quantum number. 
These 2/ states are equally probable and always possible, but 
it is only in the presence of an external magnetic field that they 
differ in energy in such a manner that their separate existence 
becomes evident. The inner quantum number is usually taken 
to be the azimuthal quantum number of the atom as a whole 
(that of the individual electron orbit being &) and hence as a 
measure of the atom’s magnetic moment. The suggestion has 
been made by Sommerfeld | that the angular momentum about 
any axis such as that supplied by the direction of an external 
magnetic field should be an integral multiple of 4/27 (space 
quantization). That is, if the atom’s total angular momentum 
is jh/2p, the possible orientations of the atom would be such 
that the angular momentum about the direction of the mag- 
netic field would be + 1:4/2r, + 2:h/an, ... + jh/2n, or 2 
orientations altogether (the omission of the orientation o-h/27 
has no obvious theoretical justification). 

Of course these optical spectra come from electrons in in- 
complete shells. But the inference is strongly suggested that an 
energy level becomes complete when there is an electron in 
every possible orbit consistent with this idea of space quantiza- 
tion. This suggestion results at once in assigning 23jx = 2 
electrons to the K level, 227, = 8 to the LZ level, etc. But it 
goes further, assigning also the numbers of electrons to each of 


1 A. Sommerfeld, “ Atomic Structure and Spectral Lines,” p. 242. 
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the various sub-levels as equal to 2/, as indicated in Table XI-6. 
It is obvious that in the outermost orbits these electrons have 
been distributed in such a way as to correspond to the chemical 
properties of the atoms. 

Confirmatory evidence has been found for certain parts of 
this suggested distribution. Thus the observed fact! that the 
ratio of intensity of the Kai line to the Kay line is 2: 1 is in 
accord with Stoner’s assignment of twice as many electrons to 
to the 222 orbits as to the 221 orbits. Similarly, for the other 
lines whose intensities afford a test of the electron distributions, 
Stoner shows that the agreement is satisfactory. 

According to the theory of the absorption of X-rays de- 
veloped in Chapter VI, it follows that the absorption due to any 
electron group should be proportional to Nx/\x?, where Nx is 
the number of electrons of this type per atom, and Xx is the 
critical absorption wave-length for these electrons. Dauvillier ? 
finds for the relative absorption due to the Ly, : Ly : Ly electron 
groups of gold the values 62:41 : 35. Considering the different 
critical wave-lengths of the different levels, these values lead to 
a ratio of electron numbers, 4.04 : 2 : 1.56, which is probably 
as near to the ratio 4: 2 : 2 as the accuracy of the experiments 
would warrant. 

In like manner the experiments of Robinson in studying the 
various photoelectron groups with the magnetic spectrograph, 
as discussed in Chapter VIII, give intensities of the different 
groups in reasonably good agreement with the electron numbers 
assigned in Table XI-6. 

On the whole it may be said that the evidence at present 
available offers some support to this electron distribution, and 
that no evidence has as yet appeared which would seem to 
require its modification. 

It would not be fair to leave the impression that this electron 
distribution has been assigned as a result of studies of X-ray 
spectra alone. Through the work of Lewis, Langmuir and 
others, considerations of the chemical properties of the atoms 


1 Cf. e.g., Siegbahn, “‘ The Spectroscopy of X-Rays,” P- 97 (1925). 
? A. Dauvillier, Comptes Rendus 178, 476 (1924). 
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have played an important part in determining the number of 
electrons in the various shells, whereas Bohr, Stoner, Sommer- 
feld and others have brought to bear physical evidence from a 
wide variety of sources, such as optical spectra and magnetic 
properties. 

Regarding the dimensions of the electron orbits it is difficult 
to make definite statements, because the dynamical problem of 
the interpenetrating orbits is exceedingly complicated. Har- 
tree! has made approximate calculations of the electron dis- 
tances from the center, however, from a consideration of the 
known energies of the various orbits. In general the distances 
of the electrons from the atomic centers as thus calculated are 
of the same order, but somewhat smaller than those estimated 
in Chapter V from the intensity of the reflection of X-rays from 
crystals. It would be premature to discuss whether this differ- 
ence is due to inaccurate calculations from the spectroscopic 
data, or to a failure in the laws of diffraction as applied to the 
intensity of X-ray reflection from crystals. 


1 Hartree, D. R., Camb. Phil. Soc. Proc. Vol. 22, pp. 464-474, 1924. 


CHAP TR ReextIT 
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157. Relation between the Emission and Absorption of X-rays 


The X-rays which are produced when cathode rays strike 
the target of an X-ray tube presumably occur when a cathode 
electron is deflected by an atomic nucleus. This cathode elec- 
tron cannot remain in an inner orbit of a normal atom since the 
possible inner orbits are already occupied. It must either escape 
with a part of its initial energy or it must eject one of the elec- 
trons originally a part of the atom. If the emergent electron 
has a final velocity zero, all the energy of the incident electron 
reappears in the quantum of radiation that is emitted, whence 
according to Bohr’s frequency condition, 


4M" = hvmaxd (12-07) 


a formula which expresses the maximum frequency that is 
experimentally observed. If the emergent electron carries with 
it an appreciable part of the incident electron’s kinetic energy, 
the energy and hence the frequency of the resulting quantum 
will be reduced. Thus it is possible to account for a continuous 
spectrum with a definite upper limit to the frequency. 
According to Kirchhoff’s law, when matter and radiation 
are in equilibrium with each other, at any temperature, the 
matter must emit as much radiation of each frequency as it 
absorbs. That is, there must be some mechanism capable of 
emitting each frequency that is absorbed. It follows that there 
must be an emission band in every region of the spectrum in 
which an absorption band is found to occur. Kirchhoff’s law is 
not concerned with the type of mechanism whereby the emis- 
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sion and absorption take place; but if we think of the absorp- 
tion of X-rays as resulting in the ejection of a photoelectron, we 
see that the corresponding emission process is the binding of a 
rapidly moving electron by an ionized atom with the resulting 
emission of a quantum of radiation. The application of such 
considerations to the problem of the absorption of X-rays was 
first made by L. de Broglie. 

It is true that in our experiments, though absorption bands 
are found to appear in the X-ray region, no emission bands have 
been observed. This is however in no way contradictory to 
Kirchhoff’s law, since the target of the X-ray tube is not in 
thermal equilibrium with the radiation it is emitting. The 
temperature would have to be of the order of 108 degrees within 
the X-ray tube for equilibrium to occur between the emitted 
and the absorbed X-rays. At such a temperature an appre- 
ciable fraction of the atoms would have their inner orbits 
ionized, and radiation due to the binding of high speed electrons 
in the inner orbits would give rise to emission bands in the same 
region of the spectrum as the absorption bands. At ordinary 
temperatures, however, there is no appreciable number of 
atoms whose inner orbits are ionized, so the reverse process does 
not occur. 


158. L. de Broglie’s Theory of X-ray Absorption 


In applying Kirchhoff’s law to the absorption of X-rays, 
de Broglie assumes that Wien’s energy distribution law holds 
for black body radiation for such high frequencies as X-rays, 
and he makes use of Bohr’s frequency condition. Following a 
thermodynamical argument he thus finds that the true atomic 
absorption coefficient should be 


I 


Td, = Seppo ti’ ®. (12762) 


Here k is Botzmann’s constant, 7 the absolute temperature, 


11. de Broglie, Journ. de Phys. 3, 33 (1922). 
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A," the probability that an atom ionized by the loss of an 
electron from the pth shell will return to its normal condition 
in unit time, 7, is the energy required to remove an electron 
from the pth orbit, and 7, is an undetermined constant of the 
order of unity. 

In view of the soundness of his assumptions, the theoretical 
basis for the \3 law of absorption for this region of the spectrum 
seems very strong. While some experiments have seemed to 
throw doubt on the exact validity of the third power relation, 
those in the neighborhood of the critical wave-lengths are per- 
formed under adverse conditions, and those at short wave- 
lengths are difficult to interpret because of the unknown value 
of the scattering. When one considers the various possible 
sources of error in determining the experimental values of ra, it 
is doubtful whether the experiments have established any real 
departure from the cube law in the region of ordinary X-rays. 

De Broglie extends this result by making some rather arbi- 
trary assumptions, which seem to be verified by their conse- 
quences, obtaining finally, 
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where Nx is the number of electrons in the K orbits, and Xx is 
the critical K absorption wave-length. Except for a factor /2, 
or approximately 3, this is precisely the same expression as 
equation (6.30), which was derived from classical considera- 
tions. In view of the approximate Bohr-Moseley relation that 
1/\c = (20°e4m/nx?ch®)Z?, where nx is the quantum number 
of the K orbits, this result is also approximately equivalent to 
Owen’s empirical law (eq. 6.06). 


7, = KZA. (12.04) 
The value of the constant K for the absorption due to the 


K electrons is, on this theory, 


87 >mel0 
Kx = ee) Ot (12.05) 
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Within the errors of experiment and computation, this is equal 
to the experimental value Kx = .otg, as given in equation 


(6.07). 


159. Kramers’ Theory of Emission and Absorption } 


Kramers has also approached the problem of absorption 
through its relation to emission, but has developed the theory 
in a widely different and somewhat less arbitrary manner. The 
atomic absorption coefficient 72 has been defined as the fraction 
of the energy of a beam of unit cross section which is absorbed 
by an atom. We may accordingly use 7. to represent the area 
of cross section of a sphere associated with each atom, such 
that the radiation which traverses this sphere is absorbed while 
that which does not strike the sphere passes on unaffected. 
ta 18 thus the effective absorptional cross section of the atom. 
On the other hand, if an electron approaches an ionized atom 
with a certain velocity, the probability that it will be bound by 
the atom with the resultant emission of a quantum may be 
described in terms of another effective cross section of the atom, 
6, such that the free electron will be bound by the atom if, and 
only if, it strikes within this area. The condition for equilibrium 
used by Kramers is that the probability that an atom will 
absorb radiation with the resultant expulsion of a photoelectron 
from any energy level with a velocity v is equal to the proba- 
bility that a free electron with velocity v will be bound by an 
atom which lacks an electron in this level with the resultant 
emission of a quantum of radiation. 

By making use of Boltzmann’s relation for the relative prob- 
ability of states having different energies, Bohr’s conclusion that 
the a priori probability for an electron to be bound to an atom 
in an orbit of quantum number 7 1s ah’, where / is Planck’s 
constant and a is the “statistical weight ”’ 2( +1 ) of the elec- 
tron’s orbit, and introducing Wien’s form of the law of heat 
radiation as appropriate for the high frequency end of the 
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spectrum, Kramers shows that equilibrium will occur if the 
two effective radii bear the following relation to each other: 

myc? 
2ah? y 


fee (12.06) 
The importance of this relation lies in the fact that if itis found 
possible by any means to calculate the emission probability, 8, 
we can immediately calculate the absorption coefficient 7a. 


160. The Intensity of the Radiation 


In order to estimate the intensity of the X-rays emitted, 
Kramers calculates according to the classical electrodynamics 
the radiation produced at an encounter between an electron and 


Intensity 


FIG. 128. 


an atomic nucleus. The broken line of Fig. 128 shows the 
energy distribution for different frequencies resulting from this 
calculation. Radiation is predicted for all frequencies from zero 
to infinity. 

Experiments show, however, in accord with the quantum 
theory, that when electrons strike a neutral atom the spectrum 
stops sharply at the frequency v = 3mv?/h. In general accord 
with Bohr’s correspondence principle, Kramers therefore 
assumes that when the electrons strike a neutral atom the 
energy distribution for frequencies less than » is approximately 
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the same as that calculated on the classical theory for an elec- 
tron approaching a nucleus, but that for higher frequencies no 
radiation is produced. Thus in Fig. 128 the predicted contin- 
uous radiation is represented by the solid line to the left of . 

When the electron strikes a bare atomic nucleus, the quan- 
tum theory predicts, however, that the electron may be bound 
by the atom in some one of its possible electron orbits. If the 
electrons approach the atomic nucleus with a definite speed, 
such captures must result in definite spectral lines of frequency 
higher than », since the energy lost is greater than the original 
kinetic energy of the electrons. Thus there should appear the 
spectral lines 1, 2, ..., due to capture of the electrons in orbits 
of quantum number 1, 2, .... Such lines of frequency greater 
than vo are never observed in the radiation from an X-ray tube 
because the relative number of ionized atoms is at any instant 
small. But it is the production of such lines that is the reverse 
process of photoelectric absorption. 

In order to estimate the intensity of these lines, Kramers 
assumes that “‘a certain frequency interval in the radiation 
emitted on the classical theory corresponds with a process by 
which the electron is bound in a certain stationary state.” He 
takes this frequency interval to be that corresponding to the 
range of quantum numbers from » — 3 to” + 3. There is thus 
a finite probability, corresponding to the shaded areas 1, 2, ... 
of Fig. 128, that when an electron moving with a velocity » 
passes by an atomic nucleus (or an appropriately ionized atom) 
it will be bound to the nucleus in an orbit of quantum number 7. 
This probability, represented by the effective capturing cross 
section of the nucleus 8, Kramers calculates to be approximately 


126qe Z%¢%0 
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where Z is the atomic number of the nucleus and » is the fre- 
quency of the emitted quantum of radiation. 

In order to calculate the intensity of the radiation emitted 
from an X-ray tube, Kramers takes account of the decrease in 
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velocity of the electrons traversing the metal by applying the 
Thomson-Whiddington law, using Bohr’s theoretical value of 
the constant. For the energy between frequencies v and v + dy 
radiated per electron impact he thus finds, 


__8r eh 
BNes ie 
approximately, where / is a numerical factor of the order of 


magnitude of 6. This result is in good accord with Kulen- 
kampft’s empirical formula ! 


vi, = C2. = v) a BZA. (12.09) 


I,dv ACP = v)dv, (12.08) 


in which the first term is ordinarily much more important than 
the second. 

A quantitative test of the theory is afforded by the calcu- 
lation of the efficiency of production of X-rays. The formula 
obtained is, 

_ or ee 
ay\ 2 
= 2.34 1o-42(°) . 


Equation (12.10) differs from the efficiency calculated in 
equation (2.14) by an extension of the Stokes pulse theory 


only by a factor of 
Vv 3T 7 
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4d 
but has the important advantage that the efficiency is here 
found to be proportional to Z, in accord with experiment. 
Recalling that the atomic weight is equal to about twice the 
atomic number, Beatty’s experimental formula (2.15) for the 
efficiency may be written, 


Eff. = 5 X 10-42(2) 
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which differs from the theoretical relation by a factor of about 


1H. Kulenkampff, Ann. d. Phys. 69, 548 (1922) 
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2. In view of the many approximations that are made in 
Kramers’ theory, as well as the very considerable probable error 
of the experimental coefficient, this agreement is on the whole 
satisfactory. 


161. The Absorption Coefficient 


The value of 8 given in equation (12.07) represents the 
effective area of a bare atomic nucleus for capturing electrons. 
Assuming that when applied to capturing an electron in an 
orbit of quantum number 7 this is the same as the effective 
area of an ionized atom whose » orbit lacks an electron, we can 
at once substitute this value of 6 in equation (12.06) and 
calculate the contribution of this 7 orbit to the atomic absorp- 
tion coefficient. The result is that the absorption due to an 
electron in an 7 quantum orbit 1s 


LEO as 
3V 3 4h an? 
If we take “the statistical weight” of the atom in its ” quan- 


tum state, to be a = n(m + 1), the absorption due to the 2K 
electrons, thus becomes, 
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Here again the experiments (eq. (6.07)) differ from the theo- 
retical result by a factor of about 2, showing that 
T= MlOZeh*. 


If we assume as usual that there are 8 Z electrons (7 = 2), 18 M 
electrons (7 = 3), etc., the absorption by the whole atom is 
thus calculated to be, 


LLP an (12.13) 


It will be seen that this method of calculation gives directly 
an atomic absorption proportional to Z*, in exact agreement 
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with Owen’s law. Previous theories that we have examined 
lead directly to an absorption proportional to 1/x?, which is 
only approximately proportional to Z4 through the Bohr- 
Moseley relation. This difference between the theories, how- 
ever, appears to be only superficial, since the Z* comes into 
the present expression by neglecting the effect of the electrons 
surrounding the nucleus, in which case the proportionality 


becomes exact. If the effect of these 


between Z* and Ree 
Ke 


electrons is taken into account, the absorption should doubtless 
be given more accurately by substituting for Z4 its approximate 


equivalent 
| Nx’ ch? Z 
2n2e*m XK 2 


in which case the absorption coefficient due to the K electrons 
becomes, 
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Corresponding to this expression, de Broglie’s theory gives 


eqs (12: 03) 
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The most significant difference between equation (12.14) and 
the other two equations is in the factor 1/(7x + 1), which has 
the effect of reducing the relative absorption by the electrons in 
higher quantum orbits. Comparison with the experimental 
values collected in Chapter VI indicates that this factor makes 
Kramers’ formula agree less satisfactorily with the experiments 
than if it were omitted. De Broglie’s absorption formula un- 
doubtedly fits the experimental data better than the others 
that have been proposed. Nevertheless in calculating the 
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numerical coefficient of the formula the method followed by 
Kramers seems fundamentally to be the more sound. It is 
probable that the lack of complete agreement between his 
formula and the experiments is due to the various approxima- 
tions and arbitrary minor assumptions that he has found it 
necessary to introduce. 


162. Emission of X-rays as Directed Quanta 


We have seen in Chapter II that if we adopt Stokes’ pulse 
hypothesis of the nature of the X-rays we arrive at an explana- 
tion of both the polarization of the X-rays coming from the 
target of an X-ray tube and also of the fact that the X-rays 
emitted in the general direction of the cathode ray stream are 
of higher frequency and more intense than those emitted back- 
wards. Though Kramers’ theory does not discuss these prob- 
lems specifically, his calculation of the radiation emitted as an 
electron passes an atomic nucleus gives a result closely anal- 
ogous to a Stokes radiation pulse, and a complete classical 
treatment of this case would undoubtedly likewise predict 
polarization and asymmetry effects. From the manner in which 
he has applied the correspondence principle, however, it is not 
at all obvious that there should be any difference in frequency 
between the rays emitted forward and backward. For though 
the classical theory would predict relatively more energy in the 
higher frequencies for the rays emitted in the forward than for 
those in the backward direction, Kramers has supposed that in 
both directions the continuous spectrum is cut off sharply at 
the frequency limit given by hy = eV. 

Definite predictions of the degree of asymmetry in the fre- 
quency of the radiation in different directions and of the amount 
of polarization of the primary X-rays are made by a suggestive 
theory of F. W. Bubb. This theory assumes that the X-rays 
are emitted as directed quanta, and applies to them the 
principles of the conservation of energy and momentum. In 
common with de Broglie and Kramers, Bubb thinks of the 
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emission of X-rays by an atom struck by a cathode electron as 
the reverse of photoelectric ionization due to the absorption of 
X-rays. The conception of directed X-ray quanta enables him 
to treat both aspects of the problem in detail. 

In his theory of the direction of photoelectric emission, as 
discussed in Chapter VIII, Bubb introduced the assumption 
that the radiation quantum has vector characteristics, in that 
it imparts only a sidewise impulse to the atomic nucleus when 
it ejects a photoelectron (cf. p. 241). This sidewise impulse is 
in the direction of the electric field of the corresponding electric 
wave. In this manner he accounted for the fact that there is a 


ag 
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Fic. 129. 


strong concentration of the photoelectrons ejected in a direction 
near that of the electric vector. 

In the reverse process of an encounter between an electron and 
an atomic nucleus with the resultant generation of a radiation 
quantum, he likewise assumes that the only impulse imparted to 
the atom’s positive nucleus is perpendicular to the direction of 
emission of the radiation quantum. Figure 129 then exhibits the 
conditions imposed by the principle of conservation of momen- 
tum. We suppose that the atom is initially at rest, and is 
struck by an electron moving along the X axis with a mo- 
mentum 


OG = mBpyc/V i = O1-5 
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where ic is the initial velocity. After the collision the quan- 
tum proceeds in some direction OP with a momentum 


OA = hv/c, 


and the momentum of the atom, being due wholly to the im- 
pulse imparted at the origin of the quantum, lies in a plane 2 
drawn perpendicular to OP. It is represented in the figure by 


BC = MP, 


M being the mass and V the final velocity of the atom. Then 
for the momentum to be conserved, the momentum of the 
electron after the collision must be represented by 


AB = mB,c/V1 — B?. 
We then have the vector equation 


OC = OA + AB + BC. (12.15) 


The magnitude of the vector OC is set by the initial condi- 
tions, and if we assign a definite value to the frequency » of the 
emitted radiation, the magnitude of the vector OJ is deter- 
mined. The length of the vector 7B may then be calculated 
from the principle of energy conservation. From this prin- 
ciple we have directly, 


I I 
(al Corea = 1) = hy + A pms = r) + air. 
(12216) 


Since the final momentum of the atom is of the same order of 
magnitude as the momentum of the electron, and since its 
mass is of the order of 10° times as great, its kinetic energy 
1MV? will be negligible compared with that of the electron. 
Dropping this term, equation (12.16) may be written, 
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Solving for the final momentum of the electron, we have 
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Since 4 is an assigned point, 7B a definite length, and Q@ a 
fixed plane, the locus of B is a circle on the plane @ with its 
center at P. The radius of this circle may be shown to be 
given by, 

eae m? BPC? amhv 


PB ae sin? ¢ — Ri = 6 cos $). (12.18) 


163. Frequency of the Emttted Quanta 


It is apparent from equation (12.16) that the emitted 
quantum has its greatest energy when the final energy of the 
electron is zero. In this case, 


i} 
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which expresses the law of Duane and Hunt, and is the inverse 
of Einstein’s photoelectric equation. It will be seen from 
Fig. 129 that in this case 4B = 0, which means that the point 
A coincides with P and the line BC swith PC since 7 Gare 
drawn perpendicular to O4, this means that 


o = COS oe (COS hy fe 5 
OG mB c/~/ x Bag) 
or 
cos $ = (I — Vi — B?)/B. (12.20) 


This means that there is only one angle at which the rays of the 
limiting frequency can be emitted, and that this angle is some- 
what less than go° with the cathode ray beam. 

The maximum frequency at any other angle with the cath- 
ode ray beam will be emitted when the radius PB is equal to 
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zero. On solving equation (12.18) for the frequency we then 
obtain 
mB,2C? sin? ¢ 
io = oot : (49 2971) 
2hAV I — Be 1 — Bicos ¢ 


In Fig. 130 is shown a polar diagram of this equation for various 
different values of 6. From this figure it is clear that the 
average frequency in the forward direction should be greater 
than that at large angles with the cathode rays. 


FIG. 130. 


Wagner’s experimental spectra (Fig. 26), show, on the 
other hand, the same limiting frequency at large and small 
angles. It does not seem impossible that this may be due to 
the fact that many of the cathode electrons have their paths 
bent before they have lost any appreciable amount of energy. 
Bubb’s theory of course applies directly only to the passage of 
electrons through very thin targets, and as yet no experimental 
data with thin targets are available to make a satisfactory 
TESTE. 
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164. Polarization 


From the standpoint of radiation quanta, Bubb adopts in 
effect the definition of a polarized ray as one which will produce 
an impulse on an atomic nucleus in a definite direction. Since 
when a cathode electron generates an X-ray quantum the im- 
pulse imparted to the nucleus is along BC, it is natural to 
suppose also that the quantum born in the process will have its 
“electric vector”’ in the direction — BC. On this view, the 
electric vector of the quantum must point within an angle 20 
defined by the tangents drawn through C to the circle 2. This 
angle @ is given by 
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The theory thus predicts partial polarization of the X-rays 
of all frequencies, but a greater polarization for the rays of 
higher frequency. For low frequencies the electric vector may 
be in almost any direction, whereas for high frequencies it is 
confined within a very acute angle. This prediction is in 
excellent agreement with the experiments, which show that by 
filtering out the soft rays from the primary beam the polariza- 
tion can be considerably increased. 

In considering the inverse theory of Bubb which deals with 
the direction of emission of the photoelectrons, we found a 
qualitative, but not a quantitative, agreement with the experi- 
ments. If the present theory is likwise found not to be in 
exact accord with the experiments it will probably mean that 
the impulse imparted to the atomic nucleus is not exactly in 
the direction assumed by Bubb. In any case his theory shows 
in a striking way the power of the concept of radiation quanta 
as applied to problems of the emission of radiation. 
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RADIATION FROM AN Exvectron Movine witH A VELOCITY 
APPROACHING THAT OF LIGHT 


(References: E. Cunningham, “ The Principle of Relativ- 
ity,’ Chapters IV, V and VI; A. Sommerfeld, “ Atomic Struc- 
ture and Spectral Lines,” English translation, pp. 452-466.) 


In view of the fact that we shall have frequent use through- 
out this work for the results of the special theory of relativity, 
it will be valuable to outline briefly the derivation of these 
results. 


A. THE LORENTZ TRANSFORMATION EQUATIONS 
1. Einstein’s Derivation of the Fundamental Transformations. 


The relativity method of solving a problem relating to a 
body in motion is to solve first the problem for such a body 
when at rest, and then by the application of certain “ trans- 
formation equations” find the corresponding solution for a 
body in motion. In deriving these transformation equations, 
Einstein imagines two similar systems, S and S’, the system S 
remaining at rest while the system S’, which was coincident 
with the system S at the instant ¢ = 0, moves along the X axis 
with a velocity v. The equations are then derived by the use of 
two assumptions: (1) that the velocity of light has the same 
value c in both systems, and (2) that the changes between the 
variables x, y, z and ¢ are linear, 1.e., that the space is homo- 
geneous and that the motion is unaccelerated. 

The mathematical formulation of the second assumption 1s 
that 

” = kw — vt), y’ = ly, 


2! = kz, = ox + By + z+ ot, (2) 
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where the primed coordinates refer to the moving system S”, 
the unprimed ones to the stationary system, and the coefh- 
cients k, /, a, 8, y, 6 are functions only of the velocity. The 
coefficients of y and x are taken to be the same by symmetry, 
since the motion is perpendicular to both the Y and Z axes. 
An expression of the first assumption is that for a particle 
moving from the origin with the velocity of light, 


ee Ve athe Cah (1) 
is equivalent to 
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It is from these assumptions, equations (1) and (2), that all 
the transformation equations are derived. 

If in the second of equations (1) we introduce the values of 
the primed coordinates given in equations (2), we obtain 


k*( — of)? - /?4 + 122? = lax + By -P ye ee, 
or on expanding and collecting coefficients, 
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Since the particle may be assumed to move in any direction, 
the coordinates may be varied independently of each other, so 
that the coefficients of x, x, y, y?, etc., in the two expressions 
must be equivalent to each other except for an arbitrary factor 
m by which both sides of the latter expression may be multi- 
plied without changing its significance. Thus we have, 
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It follows that ae 


B=7=0, = heer sae 
y2 —% a 
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Our simplest assumption is that m = 1, which merely means 
that we are measuring distances on the same scale in the two 
systems. For at the instant at which the Y’Z’ plane of the 
system S’ is coincident with the YZ plane of the system S, the 
corresponding points in the two planes coincide, that is, 


y =y and 2 =z. 


Introducing this value of m, therefore, 


y2 —14 v 
alee ,1=1, a=— Sb, (3) 
B=7=0, 5 =k. 


Consequently by equations (2), 
e=(N—)k y=y, 2 =2, f= kt — ox/c?). (4) 
On solving for x, y, z and ¢, we find conversely, 


w= +or)k y=y, 2=2, t= kt’ + on'/c?). (4’) 


2. Displu ent, Velocity and Acceleration 


Consider two points whose coordinates at the instant ¢ in 
the stationary system are #1, y1, 21 and x2, y2, 2. In the moving 
system the distance between the two points, as measured along 
the three axes, is by equation (4), 

xo! — x1! = k(x2 — of) — k(x1 — of) = k(x2 — #1) 

yo! — yn! = ya — M1 (5) 

Zo! = Zy" = 22 — 21 
To an observer ‘moving with the system 5S’, though the dis- 
tances along the Y and Z axes remain unchanged, the distance 
along the direction of motion thus appears to be shortened by 
the factor k. Conversely, if two points in the moving system 
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are a distance x2’ — x,’ apart, application of equation (4) 
shows that in the system at rest their separation 1s ¥2 — x1 = 
k(%2’ — x1’). This apparent contraction in the direction of 
motion is that postulated originally by Fitzgerald to account 


for ‘the results of the Michelson Morley experiment. 


Addition of Velocities —Imagine a particle which is moving 
with a velocity whose components, as measured in the station- 
ary system, are w,,u, and u,. The X component of the velocity 


in the system S’ is then dx’/dt’, where 
dx’ = dk(x — ut) = k(dx — vat), 


and 
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Conversely we can show that if as measured in system S’ the 
particle’ S velocity components are uz’, Uy and u,’, in system S 


its velocity 1s given by 


uz tv 
v 

I+ salle. 
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(6’) 


APPENDIX I 369 


From equation (6’) we see that the velocity w, of a particle 
moving with a velocity wu.’ relative to the system 8’, which 
itself is moving with a velocity v, is less than wu,’ + v, and is 
always less than cif both w,’ and v are less than c. For velocities 
comparable with that of light, therefore, the simple rules of 
vector addition cannot be applied. We also see that ¢ repre- 
sents a limiting velocity which cannot be exceeded by a 
particle which gains velocity in increments less than c. An 
interesting and important confirmation of this result is that 
whereas 8-particles ejected by radioactive materials have been 
found to have velocities up to 0.gg8c, none have ever been 
observed with velocities greater than c. 

Accelerations.—We define the acceleration of the particle as 
measured in the stationary system as the vector having the 
components 4; = du,/dt, a, = du,/dt and a, = du,/dt. As 
measured from the moving axes, 


dix! = ‘| see 
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Thus 


If we write 
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then 


I 
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In a similar manner we can show that 
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3. The Electromagnetic Field 


(8) 


(9) 


In the stationary system the equations of the electro- 


magnetic field are: 
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(B) 


(C) 


(D) 


(E) 


(F) 


(G) 
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In these equations E is the electric intensity expressed in e.s.u., 
H is the magnetic intensity in e.m.u., and p is the volume 
density of electrification. In order to express the corresponding 
relations as referred to the moving system 5’, let us consider 
the partial derivatives of any function v of the coordinates 
x, y,zand¢. By virtue of equations (4) and (4’) we have: 


OW  oWdx' ovdt' av ov 0 


Be ox! Deeliot de ax! Oo 
ee v =) 
meat reer mec gerd 
ox c” of 
ov ow. ov ov 


oy . ay”? Oz = az" 
ov ova ev dx’ _ & _ eu ) 
oT Veep un Geax’ df ar ax’ /* 


Expressing equations (4), (B), and (C) in terms of x’, y’, 2’ 
and ¢’ by the use of these relations we obtain, 
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It is an essential assumption of the theory of relativity that 
physical laws have the same form whether expressed in the 
coordinates of system S’ or in those of system S. For if this 
were not true, by the form of the physical law it should be 
possible to determine the state of motion of the system. It 
will be seen that our assumption (1) is a special case of this 
more general principle. We accordingly seek for quantities 
E’, H' and p’ which will be related to E, H and p in such a way 
that when substituted in equations (a), (4), (c), etc., these will 
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be of the same form as equations (4), (B), (C), ete. The 


desired values are: 


DY Syed n= R{ Ey = °H.); os (E, a °H,); 
(10) 
H! = 4,; Hs = A(H, 4 °E.); = AH. = °x, ) 
and the equivalent reciprocal expressions are, 
— (By a “H.); a eB a Ht, ); 
| (10’) 


p= Kp (: = =). (11) 


cON 
I 
~~ 
D 
aa 
— 
| 
Sy 
Ry Ss 
pees 


When these values for EF, H and » are inserted in equations 
(2) and (c), using the values of w, and uz given by equations (7’), 
we obtain, after some reduction, 


w eioed nee ee oH, oH,’ 


paar ATP eee mace! B) 
I oF, i ue a Clabe lake ! 
ib OT ala 47 p c = Bx" ay’ Ce) 


These are of precisely the same form as equations (B) and (C). 
The substitution in equation (a) is somewhat complex. 
Introducing the new values for E and H we obtain directly 


see a ee +o + eel me =H oe a 
of Oz 


oy’ 02" 

But from equation (G) we get, 

a One | kv? oF,’ aie ‘ — 7") v 
: —_}— = ATi . 


ax’ oy’ Tae! Ce Ok az’ ay” 
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Thus 
OE,’ k v2 v Tae UN elely Gleb 
or (2 ot ee as aaeas a(x i} =) ( ay’ an’ ) 
or 
1 o£,’ oH,’ lew 
rns REE te Me) : me 
ay’ OR 


since (1 — v?/c?) = 1/k?. Introducing the values of p and u, 
given by equations (11) and (6’) we then have at once, 


Lol OH 8H, 


ee ey rs (1’) 


which is identical in form with equation (4). 
In a similar manner it can be shown that, using the values 
of E, H and p given by equations (10) and (11), equations (D) 
(E), (F’), (G) and (#) transform into precisely similar equations 
in the system 5S’. Thus expressions (10) and (11) are the 
desired transformation equations for the electromagnetic field. 
Constancy of Electric Charge.—If we consider a volume ele- 
ment moving with system S’ with a velocity u, = », whose 
edges are x’, y’, 2’, and which contains an electric charge of 
volume density p', the total charge within the element as 
measured in system S’ is p’@’x? dy’éz’. From equation (4) 
and (11), however, Ox’ 
p’ ox! by’ 62! = ke = = k 6x by 6% 
= pox dy bz (12) 


= charge measured in system S, 
since 


(1 — 07/07) =1/ kK. 


Thus an electric charge has the same value whether referred to 
axes at rest or to axes moving with the charge. 
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4. Variation of Mass with Velocity 


Let us consider a particle, whose Caer rest 1S Mo, 
moving in the XY plane, with a velocity which at.the instant 
t = 0 is the same as that of the moving system 5 In this 
system the components of the force acting on the particle are 
let us say X’, Y’, whence by Newton’s second law of motion, 


afin ax ; AG HAN NA tae, 
a” Cale poe a” a) ae 3) 
At the initial instant m’ =m, and dx'/dt' = dy’/dt' = 0, 
so that 
ee tee aay ae, 
Moy = xX dang Mo iy = ae (14) 
But from equations (8) and (g), noting that u, = 0, uy = 0, 
and @ = 1/k where k = 1/V'1 — v?/c?, we find 
Go dx ay. d*y 
ey Bis Be PEE 
dt’? dt? ane dt’? & dt? (15) 
Let us suppose that the force X’, Y’ is that due to an electric 
field of components £,’ and E,’ acting on a charge e on the 
particle. Then noting that the charge e has the same value in 
both systems, whereas by equations (10) E,’ = E, and 
Ey’ =kEy, since H, = 0, the components of the force are 
X'’= Ee = E,e = X, 
and 
Y’ = E,/e = kE,e = kY. (16) 
Substituting from equations (15) and (16) in equation (14) we 
get 
dx dy 
mo = X and kos = Y, (17) 
The quantities k3m, and km, are (or have been) frequently 
though incorrectly referred to respectively as the longitudinal 
and the transverse mass. The fundamental definition of mass 
is however not the coefficient of the acceleration in the expres- 


2 
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sion for the force, as this would imply, but rather the co- 
efficient of the velocity in the expression for the momentum, or 
what Newton calls the “ quantity of motion.” That is, the 
mass is correctly defined by relations similar to equation (15), 


namely, 
a San © d oo 
aa) = X, and aA” at) = Vee (18) 
If in equations (18) we use m = km, we get 
a CL aK dx dk 
XX = amg | — kmor + Os Pe 
a dy d*y dy dk 
pee amar) = Ar ae area 
But 
dk _d/,_ No _ e\ "dv _ 430 ax ) 
a A 4 5 ae 2 bot age? «09 
also dx/dt = v, and dy/dt = o. Thus, 
ak CEES ax v? v2 
a2 pa Oe Oy oe ca 
pe aga {(: 4 aI 
ee 
= R mo 
: dy { 
vs = kmos 


These expressions are identical with equations (17), showing 
that the mass, as defined by equation (18), is given by 


m = km, = m/V1 — 6, (20) 
where 6B = 0/c. 

Kinetic Energy.—Imagine a particle of rest mass m, moving 
along the X axis with a velocity v = Bc, and acted on by a force 
of magnitude X. The rate at which this force does work, 
increasing the kinetic energy T of the particle, 1s 


dx _ aT. 
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Using the value of X given by equation (17), this expression 
becomes, 


Glia dx ax 


3 


en ey 


dB 
= Moo? K°B 
But by (19) . , 
dk ite ao 
ame i pean l: 
Thus 
Cia dk 
ay = MC Ape 
whence 
T = kim,.c 4- const. 
Since 7 =o when. v=o or when k= 1j> const 7c] 
Therefore 


T = mo ¢*(k — 1) 


= matt Fa _ ) (21) 


If this is expanded into a series, recalling that B = o/c, we 
obtain 


T= a CL ee oe oe (22) 


For small velocities, this calculation therefore gives the same 
value 3mv? as is employed in the usual mechanics. 

The Inertia of Energy —KEquation (21) may be written, 
since km, = m, as 


T=c(m—m), or m—m = T/e. 


That is, the increase in the mass of the body due to its motion 
is equal to the energy due to its motion divided by c?. 

This is one example of a general principle propounded by 
Einstein as the result of an extensive application of the prin- 
ciples of special relativity to a large variety of problems. His 
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conclusion is: every quantity of energy, of any kind whatever, 
has associated with it an amount of mass 


M=W/e, (23) 
where /V is the amount of energy. 


A corollary to this proposition is that, since momentum is 
defined as mass X velocity, if a quantity of energy is moving 
with a velocity v, it carries with it an amount of momentum 


p = Woe. (24) 


An important application of this corollary is to the case of 
radiant energy, propagated in a definite direction with a veloc- 
ity c. In this case the momentum p carried by the radiant 
energy VV is 

p=Wie, (25) 


a result identical with that required according to electro- 
magnetic theory to account for radiation pressure. 

In the following table are collected the more important 
transformation equations. 


TABLE I 


Transformation equations from system S at rest to system S’ moving along X axis 
with velocity » = Bc, and vice versa: 


v Vur ? Ux" 
= ke = 0m as pa r(: -"); Oy = (4%). 
c G 


Displacement: 


x’ = k(x — of), x = k(x’ + of’), 
y =, Zz = &, of = ¥"', z= 2, (4) 
vx ox’ 
EE = H(r- ), ray +), 
(Ga C2 
Velocity: 
k Dae 
Ce “(tz = v), ie —(uz ar v), (6) 
’ ? 
Uy = Uy/>, Uy = uy'/¢', 


Uz = Uz/ bs; Uz = ul/¢’. (7) 
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Acceleration: 


— / 13 
ae = az/¢', ay = az /o 5) 
, , 
Perel: Ruy oi ay Rola, . 
Vin ere 9 ~2) Ua ep 13.9% 9 
¢? 3c? ra) 2 ec 
, 
F az kouz Ge kuuz aM (9) 
az 5 Gry az = F = 13.27% ° 
¢? 3c? d 2 bc 


Electromagnetic Field: 


Ez = Ex, Ey = | Oe 
Ey _ k(Ey a BH), Ey = KE,’ ar BH’), AR 
E7/ = k(Ez + BHy), Ei ROE BHz), Ze (10) 
A, = Hz, H, = Hy’, 
H = k(Hy + BEz), Hy = kK(H,' — BE,’), 
H, = k(H, — BE,), H, = k(H;+ BE). 
p’ = op, p= ¢'p', (11) 
carer (12) 
Dynamics: 
m= km, (20); DS Tel2 = W) (On)e WOE = VL? (OV) 
p=Wo/c? (24); Pradiation = W/c (25). 


Be FIELD DUE DLO) ELECTRON VACCELERATEDMIN DIRE CLiIONSOH 
MOTION 


In Chapter II we showed that if an electron moving with 
negligible velocity is accelerated along the X axis, an electric 
field results whose intensity is 


E=H =“sino. (2.06) 


rc? 


In order to calculate the radiation from this electron when 
moving with a velocity v, we imagine the system 5’ moving 
with the electron at the moment ¢ = 0 with the uniform velocity 
v. Referred to this system the electron is at this instant at rest, 
so that the field due to the radiation is, 


a’e sin 6’ 
rc? 


E! = H! = (26) 
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Referring to Fig. 131, it will be seen that 
E,’ =— E' sin 0’; E, = E' cos 6’; Viet 
poe Hee 


I 
fe) 


x 
Il 
S 
aa 
i) 
~wI 
2 


FIG. 131. 


By equations (10), therefore, 


/ 
Ga 
BoE = — sin? §, 
Cr 


e 
1 (a5 — sin 6’ cos 6’ + Baa ; sin rsin ), 
cr’ 


(28) 


eae, fi =O, H, = 0, 


H.= (5% sin 6’ + 6% sino! cos 6’). 
cry! 


To complete the transformation, we note from equation (8), 
since v4, = v and thus ¢ = 1/k, that 


a =a, = ka, = ka: (29) 
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Also, from equation (4), 


p= V xl? 4 y!? = VR (x? — aunt + vt?) + y?, 


where /, the time at which the field is evaluated at P (Fig. 1) 
is7ic. hus 


~ 


r= ee = 20 0°10? C2 ays 


= kV x2 — 2Bxr + Br Sip races (eeycs 


= k(r — Bx). (3°) 
er. ee y a sin 6 
sin 6 jl = Ge) a Ee (31) 
————————— 9 — 
Col 0 ne : (39) 


it ==> (6) COR (0) 
Substituting these values in equations (28) we get 


ea sin? 6 


Eo ree — B cos 6)3° 


€ @ sinécosé@ 


Ae cr (1 — Bcos 6)3” 
or . 
& oe ae ea sin @ 
B= VE? + Ey rc? (1 — B cos 6)3 
and (33) 
i se = ea sin 6 


rc2 (1 — B cos 6)3 


The equations (33), representing the field due to a charge in 
accelerated motion along the axis, are those employed in 
Chapter II as equations (2.08). They were used by Sommer- 
feld (“‘ Atomic Structure and Spectral Lines,” pp. 33 and 532) 
in discussing the pulse theory of X-rays. 
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EXPRESSION OF A PULSE AS A FourRIER INTEGRAL 


(Cf. page 48) 


In textbooks on mathematics (cf. e.g., W. E. Byerly, 4x 
Elementary Treatise on Fourier Series, J. WW. Mellor, Higher 
Mathematics, etc., p. 479, or R. A. Houstoun, Introduction to 
Mathematical Physics, p. 99), it is shown that a function of x 
may be expressed as a double integral, known as Fourier’s 
integral, thus: 


y = f(x) = 1 (def AW cos w(u — x)du. (1) 


On page 48 we considered an electric pulse which had a 
value E for a time 2¢ or for a thickness / = 2ct, and which was 
zero at other times.: If in equation (1) we allow x to represent 
the time ¢, we may represent this pulse as 

pee ek for TF 
o fort <<— 7andt>-z. 


| 


Equation (1) then becomes, 


y= aii da {"E cos w(u — x)du. 
To —r 


Integrating with respect to u this becomes, 
1 (Ree 9 ae eae 
y=—] dw-— sin wr Cos wf. (2) 
1S dhe w 


If we write w = 2mv, this becomes 


oh (> ssi. 2 
eer P pee hat cos 27vt. (3) 
Vv 


T Jo 
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It will be seen that this equation expresses y as an integral of 
waves whose frequencies vary continuously from » =o to 
Vier. 

The amplitude of the wave of frequency », according to 
equation (3), is proportional to 


sin QTVT 
=e) 


Vv 


and since the intensity of the wave is proportional to the 
square of the amplitude, we have for the intensity of the radi- 
ation of frequency between » and v + d», 


sin? 2 
DC eee (4) 
Writing vy = ¢/d, and dv = — cdd/)*, we obtain 


Id « sin? (27¢7/d) dad, 
or 


Idx =-K sin? a ay, (5) 


where K is a constant of proportionality and 2c¢ is written as /, 
the thickness of the pulse. This is the expression used in the 
text as equation (2.12). 
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AToMIc AND ELEcTRONIC CONSTANTS 1 


Value 


Quantity 

c Velocity oflight.cs40 oe eri 

e Blectronicichatpes- a4. ee 
cjg Plectronictatlo. sess... 5 oa). dene 
h Planck's constants2e. <1. ss- 

N Avogadro’s number......... 

k Boltzmann’s gas constant 

m Hlectronic: massncewcuee oe oe eee: 


hc/e Photoelectric constant....... 
Reo Rydberg frequency.......... 
Quantum constant.......... 


h[me 


e?/mc2 Electron constant.............- 
ony Thomson scattering per electron 
a Sommerfeld’s constant....... 
Dyac1 Grating space rock-salt...... 
Deaco; Grating space calcite........ 


yma 2299808 TO! cm. seca 
55 dol) hea x er Sih 


1.769 X 107 e.m.u.g. 4 


306 al) OoGGZe XX iler 4 Sys Bae 
ae OnCOU elo? moles: 
eels 2 Lom vere deo me 


8.999 X 10% g. | 
1.234 X 10* volt Angstréms 
US OK MO Selene 


ies) 


5oe|| PROS WOO thing 


2.816 XK 10 22 cm. 
Gnome Tome ici. 


Sear Peo Lome 
DL a2ROl Ae Ose Cin. 
Beg O288. <arOme Co. 


Uncertainty 


0003 
005 
003 
.006 
.006 


Ol 


.0009 
-COIO 


1The values of the basic constants here given have been taken from The Inter- 


national Critical Tables (1926). 


383 


APPENDIX IV 
SCATTERING BY A Pair OF ELECTRONS 


Imagine, as in Fig. 132, that a beam of X-rays, of wave- 
length \ and frequency » = p/27, is moving in the direction 
OX, and traverses two electrons e: and e2 separated by a dis- 


6c. 


Fic. 132. 


tance s = 24. Take the point O, midway between these elec- 

trons, and let OP be the direction of the scattered beam which 

we are considering. The plane POX is in the plane of the paper, 

but in general the line ¢,Oez does not lie in this plane. Its posi- 

tion can be defined with sufficient precision by stating that it 

is at an angle a with the line OQ which bisects the angle X’OP. 
384 
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Suppose the electric intensity at O of the component of the 
incident wave which lies in the plane XOP is 


Ey = A cos (pt + 8). 


If an electron were at O, its acceleration would be E,,/m, and 
the electric intensity at P at the time ¢ would be, by equation 
(2-16), 


rc? m 


eee ae: {o(s—£) + 4| 
where, as compared with equation (2-16), ¢ = ; — 6, and 


Ae/m = Ap? = the maximum acceleration of the electron. 
Since pr/c is the constant phase difference between O and P, 
we may write 6 — pr/c = A, and our expression becomes, 


2 
(ac EE Ee (1) 


rmc? 


If a plane is described through e; perpendicular to OQ and 
intersecting this line at B, it will be seen from Huyghen’s prin- 
ciple that wherever in this plane the electron lies, the phase of 
the wave scattered to the plane P will be the same. Thus the 
phase is the same as if the electron were at B. But from B the 
total length of the path of the ray reaching P is greater than 
that from O by the distance COD. Since Z CBO = Z OBD = 
¢/2, and writing OB = Z, this difference in path 1s 


COD = 2zsin *. 
The phase difference at P between rays scattered from these 


: : Q1 : Cao : 
two points is therefore 2% sin 2 The electric intensity at P 


due to the electron e, is accordingly 


Eon = Ad cos (» = A+ ee sin 5) 
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where, as compared with equation (1) we have written 


Ae? cos ¢ 
rmc? 


A, 


But the path of the ray scattered from ¢2 is obviously greater 
than that from O by the same amount that the path from O is 
greater than that from ¢:. Thus the electric intensity at P due 
to the ray scattered from ¢2 1s 


Ey2 = A, cos (or +A — = sin 5) (3) 


Putting ¢ = pt-++ Aand d= oe sin , since 


cos (a + 6) + cos (a — 6) = 2 cosa cos B, 


we have for the total electric intensity at P, 
E, = En, + E,2 = 24, cos b cos (pi + A). 


This is a harmonic function, whose maximum occurs when 
cos (pf + A) = 1, so that its amplitude is 


Ay 12 ACOSO: (4) 


We may now write the general principle that the energy or 
intensity of a wave is proportional to the square of its ampli- 
tude in the form,! 


= pA?. 
The intensity of the beam scattered to P is thus 
I, = 484,? cos? d. (5) 


In order to obtain the average value of this intensity for all 
possible orientations of the line e,Oe2, let us express J, as a 


1 In the present case, where 4 is the amplitude of the electric vector and J is the 


5 A 
energy in the wave per cm.? per second, J = ies whence B = ¢/8z, c being the velocity 


us 
of light. 
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function of a. Referring again to Fig. 132, we notice that 
% = acos a, where a is the distance Oe1, whence 


AME aD 
O= “ZS | C08 as 


or writing 
_ 47 8 
k= x Sin? (6) 
b=kcosa. 
Then 


I, = 484, cos? (k cos a). 


But the probability that a will lie between a and a + da is 
Qn sin ada/4mr, or 3 sin ada. The average value of J, is thus 


I, 


f 464," cos? (k cos a)-4 sin ada 


pag f cos? (k cos a) sin ada 


‘ sin 2k 
pA 1 + - a) 


or substituting the value of /,, 


I, = (7) 


r2m?ct 2k 


28.Ae* cos? ( oe) 


Since 4 is the amplitude of the component of the electric 
vector of the primary beam lying in the plane XOP, it follows 
from our definition of 6 that the intensity of this component is 
I, = BA?, whence equation (2-26) becomes 


T,e4 cos? ¢ sin 2k 
(eae a (: on i (8) 


r2m?c4 


If the component of the primary beam had been considered 
whose electric vector is perpendicular to the plane XOP, 
equation (1) would have been modified only by the omission 
of the factor cos ¢, since the scattered beam would always be 
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at right angles with the electron’s acceleration. The analysis 
for this component would have been otherwise the same, leading 
to an intensity of the scattered beam at P, corresponding to 
expression (8), 
Pet = 9 le (: + Gey 
VT 2k 


Thus the intensity at P due to an unpolarized primary ray is 


Fee CS fs pe eS) (: ae =) om 


r2m?ct 2k 


Since the intensity of the ray scattered by a single independent 
electron is (3.04), 


Te4(1 + cos? ¢) 


Qr2m?¢c4 


I= 


this result may be written, 


I,= 21,(1 + a (10) 
where 
= 2 OrGe @ Ane eed 
ey eer a (iT) 


s being the distance between the two electrons. Equations (10) 
and (11) are quoted in the text as equations (3.10) and (3.11). 
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Tue WaAvVE-LENGTH OF GAMMA Rays From Rapium C 


1. Crystal Method 


The y-rays from radioactive elements are distributed over a 
wide range of wave-lengths. Experiments by Rutherford and 
Andrade,! using reflection from a crystal of rock-salt, revealed 
spectrum lines from \ = 1.365A to \ = .070A from a mixture 
of RaB and RaC, and Kovarik ? using a counting chamber to 
detect the reflected rays, has observed y-ray lines from RaC as 
short as .o28A. For still shorter wave-lengths the intensity of 
reflection becomes too low to make measurements. 


2. From Magnetic Beta Ray Spectra 


From the magnetic spectra of the 6-rays from the radio- 
active elements, Ellis,2 de Broglie 4 and Thibaud ® have esti- 
mated the wave-length of y-rays. For this purpose Einstein’s 
photoelectric equation, T = hy — Wz, 1s assumed to hold, 
where T is the kinetic energy of the B-ray, v the frequency of 
the y-rays, and w, the energy required to remove the electron 
which forms the 6-ray from its parent atom (cf. Chapter VIII). 
The wave-lengths thus calculated for RaC vary from 0.209A 


to 0.00557A. 


1E, Rutherford and E. N. C. Andrade, Phil. Mag. 27, 854; 28, 263 (1914). 


2 A. F. Kovarik, Phys. Rev. 19, 433 (1922). 
3C. D. Ellis and H. W. B. Skinner, Proc. Roy. Soc. 105, 60 (1924); C. D. Ellis, 


Proc. Roy. Soc. ror, 1 (1922). 
4M. de Broglie and J. Cabrera, Comptes Rendus, 176, 295 (1923). 


5 J. Thibaud, Comptes Rendus, 178, 1706 (1923); 179, 165 (1924). 
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Ellis gives the following table of short y-ray wave-lengths 
from RaC determined by this method: ! 


STAB ICE 
y-Rays or RaC 

d (A.U.) Intensity (A.U.) Intensity 
0453 4 -O1095 13 
.0375 2 00991 Fl 
.0320 6 .00867 16 
.0290 % .00695 8 
02023 30 .00557 3 
01315 7 


Weighting the different lines according to their estimated 
intensity we thus find for the mean wave-length, 


Neg, = 0.016724. 


3. From Absorption Measurements 


Of the methods for estimating the “effective wave-length” 
of the y-rays from RaC, perhaps that depending upon absorp- 
tion is the most reliable. This method consists in measuring 
the absorption coefficient in an element of high and an element 
of low atomic weight, such as lead and aluminium.? We may 


write the empirical formula (6-04) for the absorption per atom 
as 


ta = KZ + kZ, (1) 
where the first term represents true absorption, and the second 
term that spent in the scattering process. If instead of the 


absorption per atom we consider the absorption per electron, 
we have 


ue = SS = KZ33 + k. (2) 
Z 
Since the wave-length of y-rays is less than the critical K 
absorption wave-length, the constants K and k are the same for 
1C. D. Ellis, Proc. Camb. Phil. Soc. 22, 374 (1924). 


2 A. H. Compton, Washington University Studies, 8, 126 (1921); N. Ahmad, 
Proc. Roy. Soc. (1925). 
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all absorbing elements. An approximate calculation shows that 
for y-rays KZ?)3 is negligible for a light element such as alu- 
minium. Thus if 4.) is the absorption per electron for lead 
and wea, that for aluminium, we have, 


KMepp — Meat = Koa hs 


A= (Aiees oe Hem Len} (3) 
alse = 3.24 x 30 (Richtmyer, ch. pr-180)¢ Z4 = 82, 
and taking u.p, = 2.80 X 10-5 and p,,, = 2.00 X 10-5 (Table 
(6.3), we thus find 


or 


dog. = .O186A. 


It will be seen that the reliability of this method depends 
upon the correctness of the assumption that the true absorp- 
tion varies as \3. In addition to the experimental evidence 
summarized in Chapter VI, the theories of de Broglie and 
Kramers (Chapter XII) predict such variation for all wave- 
lengths. 


4. From Diffraction of Gamma Rays by Atoms 

This method, described in Chapter III, depends upon the 
interference between the rays scattered by the electrons 
grouped close together in a heavy atom. Using lead as this 
heavy atom, we have found above (loc. cit.), 


Neg, = 0.025A. 


Since the rays of greater wave-length are more subject to 
interference effects than those of shorter wave-length, this 
“effective” wave-length should be somewhat longer than the 
center of gravity of the spectral energy distribution curve. 


5. From the Wave-length of Scattered Gamma Rays 

The quantum formula, 6: = .0242 (1 — cos ¢) (eq. (9.04)) 
for the change of wave-length of X-rays due to scattering has 
been so completely verified for ordinary X-ray wave-lengths 
that we can apply it to the y-rays with considerable con- 
fidence. When ¢ = 135°, the scattered rays are increased in 
wave-length by .0413A, and it is consequently possible to 
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calculate the wave-length from the absorption coefficient of 
these scattered rays with a much shorter extrapolation than 
is necessary for the primary y-rays. 

From Table (6-4) we have for the rays scattered at 135 
degrees, tea) = 2-4 X 10-5 and mp, = 21 X 107%, It follows 
from equation (3) that Ag, for 135 degrees is .057A, whence 
the effective wave-length of the primary rays 1s 


New. = .Ol 6A. 


6. From the Intensity of Scattered y-rays 

Various forms of the quantum theory of X-ray scattering 
give different formulas for the absolute intensity of the scattered 
rays, and at present we are not in a position to select the correct 
formula. All of these theories predict, however, approximately 
the same ratio of true absorption to total absorption due to 
scattering (cf. Chapter IX). By equation (9.50) and (9.39), 
the ratio of the true absorption to the total absorption due to 
scattering is 

On a 


== (5) 


o I+ 2a 


Owen, Fleming and Fage1! have measured this ratio for 
y-rays filtered through 2.3 cm. of lead and absorbed in alumin- 
ium as 0.370. It follows that a = 1.42, whence 


Neg, = -OI7IA. 
TABLE II 


ErrectivE WAVE-LENGTH OF THE Harp y-Rays FROM RaC 


By the More Reliable Methods 


d (A.U.) Method 

0.0167 2. B-ray spectra 

0.0186 3. Absorption coefficient 

0.016 5. Wave-length of scattered y-rays 
0.0171 6. Ratio of true to total absorption 
O.O171 Mean 


a 
1 E. A. Owen, N. Fleming and W. E. Fage, Proc. Phys. Soc. 36, 365 (1924). 
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CALCULATION OF THE CHANGE OF WAVE-LENGTH AND THE 
Enercy or REeEcoI. 


We have from the text (eqs. (9.01), (9.02), and (9.03)), 


yeas ware me Fm & '); (1) 
e = S cos ¢ + Wee 6, (2) 
POI re Be apd OP En (3) 
c V1 — B 
Let us write the following abbreviations: 
a = hv/mc? = momentum of primary quantum/mc, 
a! = hy'/me? = momentum of scattered quantum/mc , 


b = p/V1 — B2 = momentum of electron/mc, whence 
/Vi—-p=VI+te. 
fees 6.) fy = sind, to = c0s-6, me = sin ¢. 


These equations then become, 


EON Ee (4) 
a= al, + bh, (5) 
On aM + bm2. (6) 


From equation (5), 


b7]22 = co? — 2a0'l, + a’?l,?, 
and from (6), 
62m? = al’?my?. 
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Adding, and noting that 
/2 + m2 = 1, 
B= o — 2a0'h 4+ a”. (7) 
But from equation (4), 
b? = o2 — 2a0' + a? + 2a — 2a’. 
Subtracting this from equation (7), 


0 = 2aa/(1 — 4) — 2a4+ 22’, 


=—1= a1 —A). (8) 
a 
This means, since a = h/mcr 


v=» = 21 — cos 9) 
or (9.04) 
6X = y Vers ¢. 


From equation (8) 


a’ = a/{t + ali —/i }, (9) 
and by 4, 
Cia) =a—a/{i+a(1 —h)} 
rs of (I = /;) : 
E+ ali — A) 
Thus 
Exin, = me?(V 1 + 2 — 1) = hy See (9.05) 


1+ avers ¢ 


From equations (5) and (6) we see that 


oe oe as =) 


m2 a’ mM, My 
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which, using equation (9), becomes 


Lees Sea age yeaa 
m2 My 
—/ 
=_— (1 a Ae m1 - 
or 
I — cos ¢ 
cot @=— (1 + a)— a Ge . 
Thus 
cot@é =— (1+ a) tan 3¢, 
or 
coti¢ =— (1 + a) tan 6. 


Combining (go-5) and (g-06) we get 


2a cos? 6 
(1 + a)? — a? cos? 6 


Ein = hv 
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WaAVE-LENGTHS OF X-RAY SPECTRUM LINES 


Expressed in Angstréms, on the basis of Dcaco3; = 3-0904A. 


I, LINES OF THE K SERIES 

Element (ed) | ay Bo | By Y Yo Authority 
9 F 18.37 oasis | PPaaguinotlie,|| caaodnas I 
Di Ne 11.8836 EE. SOL eave esto limoronaesieeanee 2 
12 Mg 9.86775 Ox S345 0 ey vit Maateve acute [ene toneinee dere 2, 
13 Al 8.31940 TE OAOG ea) “Uy bil da eke cocetvieiee™ |) cwrcrenuetetaen 2 
14 Si 7.10917 Om SOS. 7 Rt Ul verere erenaiena |) ueterenctrivnten 2 
Tsp 6.14171 SI7SOO | OC cisaiceers, ll /eremtetete ee 2 
16 §S 5.36375 5.36090 COSTS. |Mareyereracanptanl|" datetneret here 2 
rij» ICM 4.72136 4.71821 ACZOAOK 9 Weniatcnee cosas | eneteteas sates 2 
FO. 3.73706 3.73368 ‘SV AAOSOS Pp iitiecsteichels | | veaieuncele erate 2 
20 Ca 3.35495 3.35169 3 OS3435\ | Wihescatevatetetarse || ta eve unten 2 
21 Sc 3.02840 3.02503 DT TZO qT | \\itieheretee heh | |imencneneteneat 2) 
22 Ti 2.74681 2.74317 2.508098 ZedOsye | evtaeaens 2 
23 Va 2.50213 2.409835 KOZ 22 2O4O. li Mercere 2 
24 Cr 2.28895 2.28484 2.08045 2.0670" |||) chtsteueens 2 
el SVEDRE Aline a seer 2.09732 I.90501 T8032) | | Soe roreoens 2 
26 Fe 1.93651 1.93230 te 75272 TeGAOO =) age aeberees 2 
27 Co 1.78956 1.78528 I.61713 THOOSA |!) syayereereere 2 
28 Ni 1.65854 1.65461 1.49703 TeAassa.y || "aera 2 
29 Cu I.54116 1.53730 1.380933 EPS7S0. | | Se eeein 2 
30 Zn 1.43587 I.43206 1.209260 r.28007 |. i fenrasae 3 
31 Ga I.34161 Te33755 T2O0SOR ~~ Wien aiyee cl | Rete 4 
32 Ge 1.25521 I.25130 1.12671 TeyTLAGS Wi sceheeeteecuane 3 
33 As I.17741 1.17344 1.05518 TROAZOO NN weer 3 
34 Se 1.10642 Eoto243 99027 99702" «| (aan 3 
ie ty I.04160 1.03756 93085 O2827 59 || eeterttaene 3 
37. Rb 92772 92360 82703 Siqs4q |) wie 3 
38 Sr 87754 87360 78151 FOOLT Ii Sse chees 3 
0 MEY” 83118 82700 73932 726603. |’ acters 3 
40 Zr 78850 78429 70048 OS835. lh Sukrentims 3 
41 Nb 74882 74457 66449 Ow || adacoos 3 
42 Mo 71208 70780 - 63163 63124 61969 61825 3 

712078 707708 .631571 -631009 GUOTS7. ll ecnretaeee 8 
44 Ru 64615 -O4181 57143 SOO4S tare eecreis 3 
45 Rh 61637 61201 -54470 SSsEB |. cameos 3 
46 Pd 58858 584190 52010 -51972 50063 50790 iB 
47 Ag 56264 55821 - 49668 + 49030 48607 Oil \asaioaes a 
48 Cd 53829 53386 -47463 47428 AOASS 9) Wier tess 3 
49 In 51546 51103 - 45410 -45373 A400" 4! etre cor 3 
50 Sn 49396 48948 -43476 -43439 AQAS Sal etetterters & 
51 Sb 47386 46933 -41624 AO T LAN caer 3 
52 Te 45491 45037 + 39924 BO035 ullesnyentraae 3 
53 eg 43703 43249 + 38341 STASS Mime S 
Re Ce 402 308 W352 SO  WPetag eerste tite wanna 5 
56 Ba 393 388 POAS TE) WO eeiieaces, Ol ccceeetenes siete 5 
57 La 376 372 -329 SR tl te en ree 5 
58 Ce - 360 355 Pp eR ame ear eerie atl! Meee he a 5 
Somer +347 -342 SGOT” VINER tiaren lll aathetetere me 5 
60 Nd 335 330 $202 mm ge | lacsectete reste alae teeters 5 
73 Ta BI he 21488 . 18901 LAWS OM can eer 6 
74 W 21345 20862 . 18422 E7808 ill sevenee ste 6 
76 Os 20131 19645 SLB OL TOS7S ell pontesinie 6 
77 ‘Ir 19550 19065 | . 16850 MOOD "> soncodae 6 
ie Aaa 19004 18523 . 16370 TS SS 7 es ote es 6 
790 «Au 18483 17996 . 15902 15426 6 
cee hl 17466 16980 15011 TAS SO. all trarsvapate 6 
82 Pb 17004 16516 - 14606 I4I25 : 
83 Bi 16525 16041 ATAZOS * 0 ieoatee ss Sal Or © 

16573 160901 -14220 SUS Odell) Sriram coerce ai 
on” «OU 13005 126 40 - 11187 EOSAZ laces cee ai 
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097, 


In addition, there are groups of faint lines associated with 
the K series for elements of lower atomic number than 30 


(see Siegbahn 2). 


2. THE MORE PROMINENT LINES OF THE L SERIES 


HRA AHHH RHR HH HHH HHH NNN OONDHHSHWWWWWHWADAA COLUM 


HHH HHH HHH HHH HHH DY NDNHNHONDNHNHNHWWWWWWAHAAHRUYN 


ri pai 3 

+3943 

. 83567 
- 58778 
35850 
- 14564 
-94782 
. 76367 
-59218 
oe al 
. 28199 
. 14166 
. 88610 
- 76964 
.65968 
. 55600 
-45770 
30531 
. 19501 
. 11633 
- 04193 
-97149 
-90460 
. 84008 
. 78040 
7228 

-66779 
61551 
. 56607 
51825 
-47348 
38816 
- 34834 
. 31008 
-27355 
. 2385 

. 20471 
.17202 
-I4IIS5 
-95342 
90833 


2 
2 
I 
I 
I 
I 
I 
cf 
I 
I 
I 
I 
I 
x 
Z 
I 


- 25390 
16221 
99357 
91631 
.84246 
77208 
. 70058 
-64350 
- 58344 
.5208 

+4725 

.4207 

OEE 

+ 32354 
a2 7 O07 
- 10459 


- 115495 


I 
at 
I 
I 


nib 22 
.08093 
0458 

.01266 
97990 
+94930 
+ 76259 
71807 


HHH HH HHH HHH HHH HH DYDD DHNDNNNNHWWWHWHWARUY 


Authority 


NNNNNNNNNNNNNNNNNNNNNNHNNNNNNNDNNNNNNHNNNNNNNNNNNNNNNNHAH 
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3. COMPLETE L SPECTRUM OP Mo, Pr AND W 2? 


Element I (e2) ay Oe n B4 Bg 
Sa cee avers 
A2 ni MiOw iar ree 5.400 5.3943 Sas72n 5.835 5-035 
iS Ome tots 2.7781 2.46763 Dad Om lee ee 2.507 2.2501 2 See 
14 W 1.67505 1.48452 Die AT SAB IN a acmeistecsray® 1.4177 1.290874 1.2871 
By B3 Bi4 Bo Bu Bi2 Bio 
42 Mo 5.1658 COOL 1 sdeos ane 4.9092 4.8597 ALS ATT il eacereweeeces 
59 Pr 2.25390 2.2124 2.1220 DTTAGS ||| Geesretaces teal srouekes ena 2.1025 
74 W I.27017 iT £20000%)|( eye siecte I.24191 1.2354 I.2004 
B Bs V5 9 2G) 
42 Mo me eA eed ve ital eetee J Siow Mla ee aoe AVSTOQO |< -eces Ae Tare 
59) Pr BOOS Si | tere amatenters BIOSTAL ||| Rarrecrs are es 2.0161 I.9622 1.95681 
714 W I.2021 1.2354 1.2208 Teen2s T1202) oy ee wie -09553 
6 Uy Ys Vio Y2 13 V4 
AD ae NEO. jlikecaetrca eal | bers aie meme ton hil nce aaaece errant erect cance Ae ZOU —) te a i\lvgeneeerees 
5 OMe irs ily) wucheg ema eee I.9422 I.9322 1.8811 8750 1.8699 1.8153 
74 Wi TOPZO! 9\| eee yers TROZOt ae ||\Peetcsenr. 1.06584 1.05965 1.02647 


| 
Element. ay we a’ B B”’ Y 7! Authority 
GOW UD yen BTR heiens li narspiene att rake QE3 23). li accra cee ol esventesy ed eee 2 
67 Ho OES Oln | aer-sonace hae ersetets 8.9043 SOTO NMR ae cael) eee 2 
68 Er STG aal cee linc cee BRN acres radatel Wen dao site fotaeel le ears 2 
70 Yb 8.125 8.011 8.090 7.801 STO | cok aha tl ee 2 
Pe La 7.820 7.803 7.787 Testor’) 7 eS OO" |} Cav cavers ||. semen 2 
vied Bebe TP AA ern Bho. ull seach PAZ E ON cerastoemt ten I menor ea | ere re II 
yas We DE Be ING thee oUt ca tein iets PE SOOMEN |) Jo arenes G.GOr | aes 2 
74 W 6.973 OROR SH ects chan 6.745 6.726 6.085 6.066 2310. EO 
76 Os 6.481 Oe AN9) || ot oc 6.256 6.233 5.672 5.652 2 
Cie abe 6.250 Cie ZS Se Wi teans ov e 6.030 6.01L BS Sa. [a ete 2 
73° Pt 6.041 OF0260 | aise aels 5.820 5-797 SusOS ali nee eee 2 
79 6€6Au 5.831 I ul lireneneWvcn s EP AOTOU one ete Gyeaiceten ||) eA a eee 2 
8x) “ALI 5.443 ATO ees 5) 233 5.210 4.806 4.798 2 
$2 .Pb R27 5.250 5 2A2 5.065 5.042 A666 Nee B 
83. Bi 5.107 BOM Sully sits 4.804 4.875 An SLs 4.407 2 
90 Th 4.129 AO Whoo O06 3.935 3.925 3.657 3.645 2 
Oz Ul 3.901 SiS 5 ll dees cee 3.709 3.696 3.472 3.462 2 


5. LINES OF THE N SERIES (HJALMAR 2) 


Element 

SSMOB I oe ellie hse a ice pine actos oe gam [luna ee eet | aa 13.208 
90 Th 13.805 13.149 Il.046 10.030 9.397 
92 U 12.874 72.250 10.385 9.619 8.6901 
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